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DECLARATION OF DR. ROBERT CHERNY 



I, Robert Cherny, hereby declare and state as follows: 

1. I am currently a consultant to Prana Biotechnology Ltd. ("Prana"), the assignee of 
the above-identified application. I hold the position of Head of Research - Prana and am 
seconded from the Mental Health Research Institute (MHRI). 

2. I hold a Bachelor of Science (B.S.) Degree in Biochemistry & Immunology from 
Monash University, which I received in 1980 and a Doctorate Degree in Biochemistry from Prince 
Henry's Hospital Medical Research Institute, Monash University in 1990. Besides being a 
consultant of Prana, I am also a Senior Research Fellow and have been Co-Head of Oxidation 
Biology (Neuropathology Laboratory) at the MHRI of Victoria since 1995. A copy of my 
Curriculum Vitae is attached hereto as Exhibit 1. 

3. I have conducted extensive research in the area of neurodegenerative diseases, 
including Alzheimer's disease, and in particular, protein chemistry, metallochemistry free-radical 



biology and oxidative stress in the context of neurodegenerative disorders. The laboratory of 
MHRI has been the site of critical discoveries in the area of neurodegenerative diseases, especially 
with respect to the biology of Alzheimer's disease, including the expression and biology of the 
Alzheimer's amyloid precursor protein ("APP"), and its toxic cleavage product - "Abeta" protein. 
During my tenure at MHRI, I had the pleasure to collaborate with both Prof. Ashley Bush- a 
world renowned expert regarding the interaction of metals and Abeta, and with Prof. Colin 
Masters- the discoverer of Abeta and an acknowledged world authority on the role of that protein 
in Alzheimer's disease. From these experiences, I believe that I qualify as an expert in this area. 

4. In preparing this Declaration, I have reviewed the underlying patent application 
and am familiar with its contents. The application describes 8-hydroxyquinoline derivatives of 
the formula 



wherein the variables R, R', R 1 , R 2 , R 3 , R 4 and R 5 are as defined in the underlying application. 
The underlying application indicates that these compounds are useful for the treatment, 
amelioration and/or prophylaxis of neurological conditions, e.g., Alzheimer's disease. 




OR 1 
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Two of the compounds within the scope of Formula I have the formula 
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PBT 1033 




PBT 1051 



and will be designated herein as 1033 and 1051, respectively. 



5. I have also reviewed U.S. Patent No. 3,682,927 to Carissimi et al. ("Carissimi et 
al") and Paragraph 6 of an Office Action dated April 18, 2008, which discusses this patent. 

6. Carissimi et al. discuss various compounds as being useful as antiseptics and 
fungicides. The Office Action refers to a compound having the structure 
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CI 




which I refer to as the "CC compound". 

7. I have been advised by counsel for Prana that the Office Action in Paragraph 6 
alleges that the 1033 and 1051 are structurally similar and obvious relative to the CC compound, 
and that the Office Action is requesting data to show unexpected properties of 1033 and 1051 
relative to the CC compound. 

8. I have been asked by counsel for Prana to compare the properties of this CC 
compound with compounds of the present invention, as described hereinbelow. 

9. For an understanding of the data herein below, which I used to compare the 
properties of the compounds, a digression is in order. 

10. One of the hallmarks of Alzheimer's disease ("AD") is the buildup of the above 
mentioned protein -Abeta in the brain, forming dense insoluble aggregates called 'plaques'. 
Abeta is produced and secreted by neurons. In addition to forming plaques in AD, secreted Abeta 
is considered to be toxic to neurons and found to impede normal nerve transmission, which can 
result in cognitive impairment and other symptoms associated with AD. 

1 1 . AD therapies currently in development include those that are aimed at reducing the 
levels of Abeta in the brain. The strategy of these therapies is to either inhibit enzymes that cleave 



4 



Abeta from its precursor protein APP, or by degrading and/or removing the Abeta through the use 
of technologies such as monoclonal antibody therapy. 

12. Another approach to reducing the levels of Abeta in the brain can be the use of a 
compound having ionophoric properties. An ionophoric property is the ability to transport metal 
ions across the membrane and into a cell, including a neuronal cell. Once inside the cell, metal 
ions such as copper, zinc and iron are available to potentially affect cellular metabolism. 

13. In relation to the treatment of AD, a substantial body of literature evidences that 
APP, of which Abeta is a cleavage product, has its expression and cleavage altered by copper 
metal ions. The role of copper in particular has been intensively investigated, as exemplified by 
the article by Cater M.A et al in the Biochemical Journal attached hereto as Exhibit 2. In this 
article, the authors demonstrate that by increasing the level of copper in cells which express APP, 
the cleavage of APP can be altered and the production of Abeta diminished. By virtue of its 
ionophoric character, clioquinol ("CQ") was chosen as the agent for delivery of copper to the 
cultured cells to demonstrate this effect. 

14. Another important way in which the ionophoric property of a compound may 
influence the levels of Abeta in the brain is through accelerating the breakdown of Abeta after it is 
produced. The article by White AR et al in The Journal of Biochemistry, attached hereto as 
Exhibit 3, illustrates this phenomenon. Here the authors again show that by using CQ to deliver 
copper to several cell types which express APP, the level of Abeta in the culture medium is 
dramatically reduced. The authors show that this reduction in Abeta occurs because the copper 
transferred into the cells by CQ promotes a biochemical cascade which results in the increased 
production of matrix-metalloprotease enzymes which act to degrade the Abeta that is secreted into 
the culture medium. In this paper, the presence of copper in the culture medium is insufficient in 



5 



itself to influence these events and it is the ionophore property of CQ that is required to deliver the 
metal across the cell membrane. 

15. As one of ordinary skill in the art may conclude, a drug having greater ionophoric 
ability relative to a second drug would be more likely to confer greater Abeta reduction in the 
brain. 

16. I have conducted an experiment to determine the ionophoric properties of the 
Carissimi compound (CC) and the compounds 1033 and 1051 of the present specification, 
compared to a positive control compound, CQ, in an ionophore test. 

1 7. These experiments described herein were either conducted by me or under my 
direct supervision and control. 

18. The protocol was conducted as follows in accordance with the following 
procedure: 

Ml 7 human neuroblastoma cells were plated out on 6 well tissue culture plates 
and left overnight. Sufficient cells were provided to achieve approximately 70 % confluence (1 
million cells). Cells were incubated in a media of 1 ml of Opti-MEM (Invitrogen) with added 10% 
FBS, Sodium Pyruvate, NEAA, and PenStrep and 10 \iM of CuCl 2 for 5 hr at 37°C. The cells 
were also incubated with or without the various test compounds (CC, 1033 or 1051 or CQ for a 
positive control). A 10 |iM concentration of each of these test compounds was added to each set 
of cultured cells. At the conclusion of the incubation, the media were removed using a vacuum 
aspirator, and 1 ml of PBS was added to dislodge the cells. Cells were then transferred to 
microfuge tubes and pelleted. The PBS was discarded and the remaining cell pellets were frozen 
at -20 C. The cell pellets were assayed for metal content using inductively coupled plasma mass 
spectrometry (ICPMS) analysis. 
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The cell pellets were prepared as follows: 
50 ul of concentrated Nitric Acid (Aristar, BDH) was added to each cell pellet, and the samples 
were allowed to digest overnight. Following this procedure, the samples were heated for 20 min 
at 90°C to complete the digestion. The volume of each sample was reduced to -45 ^1 after 
digestion, to which a further 1 ml of 1% Nitric Acid diluent was added. 

Measurements of the metal content of the neuroblastoma cells were performed 
using a Varian UltraMass ICPMS instrument under operating conditions suitable for routine 
multi-element analysis. 

19. The results of these experiments for each test compound is provided in the bar 
graph below: 
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20. The vertical axis of the graph indicates the concentration of copper in micromolar 



per 1x10 cells taken up by the cultured neuronal cells. Further, it is understood that the term 
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"equivalent" as used on the vertical axis, signifies that the results have been normalized over more 
than one assay. 

21 . The control experiment without drug (Cu/PBS) indicated there was some 
uptake of copper by the cells when the test compound was absent. As shown by the data depicted 
in the graph above, when CQ was added, the amount of copper taken up was 0.61 \iM; for CC, the 
amount of copper taken up was 1 . 1 8 |iM; for 1 05 1 , the amount of copper taken up was 1 .65 |iM; 
and for 1033, the amount of copper taken up was 2.73 |iM. 

22. Thus, in the ionophore test, as described in Paragraphs 18-21 herein, 103 3 
exhibits greater than a two-fold rise in ionophore performance over CC, while 1051 exhibits a 
significant rise in ionophore performance over CC. More specifically, 1033 provides a 231% rise 
and 1051 provides a 39.8% rise in ionophore performance, respectively relative to CC. 

23 . Based on the data, it is my opinion that one of ordinary skill in the art would 
conclude that 1051, and especially 1033, exhibit a significantly enhanced capability relative to CC 
to reduce the levels of Abeta, a common target protein of Alzheimer disease therapies. 

24. I declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and that those 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing- thereon. 

By S^\_y^^ Dated: \~6 1 
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CURRICULUM VITAE 
DR ROBERT ALAN CHERNY 



PART A: BACKGROUND 

Academic background 

Degrees 

1980 BSc Monash University (majored in Biochemistry & Immunology) 

1990 PhD Prince Henry's Hospital Medical Research Institute, 

Monash University, Australia 

Thesis Title: Stromal - epithelial interactions in the ovine 
endometrium 

Scholarships 

1988-1990 The William Buckland Foundation Postgraduate Scholarship 



Current and Previous appointments 



Current Position/s 


Address 


1995-2005 

Lecturer and Senior Research Offices 
(Hon since 2006) 


Dept of Pathology, 

The University of Melbourne 


1 995-present 

Senior Research Fellow and Co-Hea< 
Oxidation Disorders (Neuropathology 
Laboratory 


The Mental Health Research Institute 
of Victoria 




Previous Appointments 


Address 


1992-1994 
Research Officer 


Centre for Animal Biotechnology, 
The University of Melbourne 


1990-1992 
Research Officer 


Department of Physiology, 
Monash University 



1987-1990 
PhD student 


Prince Henry's Institute of Medical Researcf 
(Monash University, Department of Anatomy 


1985-1987 

Graduate Research Assistant 


Prince Henry's Institute of Medical Research 


1982-1985 

Graduate Research Assistant, 
Research and development 


Teva Pharmaceuticals Pty Ltd, 
Jerusalem, Israel; 
Veterinary products section 



Postgraduate Training 



I have over 20 years of research experience with a strong leaning to translational 
research My skill set is broad based. Between 1982 and 1985 my immunology 
background was applied to veterinary vaccine R&D for a large pharmaceutical 
company (Teva Pharmaceuticals) where I introduced a new spinner jar method for 
culturing viruses to replace the traditional roller bottles. Upon my return to Australia 
in 1985 I was employed as a graduate research assistant where I gained expertise 
in the areas of cell biology and endocrinology. During my PhD studies at Prince 
Henry's Institute of Medical Research I became expert at protein analysis by 2D gel 
electrophoresis, radioimmunoassay, immunohistochemistry and cell and embryo 
culture techniques. I developed a bicameral chamber for the analysis of vectorial 
protein secretion by polarised cells and a technique for separating stromal and 
epithelial cell populations by differential tryspsinisation. This method remains in use 
to the present day. I was also the first to describe the pattern of oestrogen receptor 
expression in the uterus of the sheep using immunohistochemistry. My first post- 
doctoral appointment was in the laboratory of Dr Geoffrey Schwartz in the 
Department of Physiology, Monash University, investigating the interactions 
between the various cell types comprising the anterior pituitary and their influence 
upon cells isolated from the adrenal cortex. This work was reviewed in an article 
published in Endocrine Reviews (Impact factor 17.3) in 1992. With the completion of 
this project I joined A/Prof Mai Brandon and Prof Alan Trounson at the Centre for 
Animal Biotechnology to support a grant to develop bovine embryonic stem cells for 
accelerating improvement of Victorian dairy herd genetics. Having established that 
classical stem cell techniques could not be applied to cattle I developed a novel 
method for extracting pluripotential primordial germ cells from foetal bovine gonads 
which I demonstrated could integrate into the inner cell mass of a bovine embryo. 
This technique offered an alternative to embryo splitting for rapid expansion of a 
high quality genetic stock. The finding was patented and the rights purchased by a 
commercial entity (Stem Cell Sciences) which grew out of the project. 

With the conclusion of that project in 1995 I was approached by Professor Colin 
Masters to take charge of the Neuropathology laboratory at the Mental Health 
Research Institute of Victoria (MHRI). This laboratory had been the site of some 
crucial discoveries in the area of Alzheimer's disease (AD), especially with 
respect to the expression and biology of the Alzheimer's amyloid precursor 
protein APP, and its toxic cleavage product AJ3. 1 took responsibility for rebuilding 
MHRI AD research which had suffered a steep decline following the movement of 
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key personnel to laboratories in the USA. These individuals included Dr Ashley 
Bush with whom I began an extremely fruitful collaboration regarding the role of 
transition metals in the achitecture and toxicity of the A0 protein. During the last 
twelve years I have developed expertise in protein chemistry and extraction 
techniques, metallochemistry, free-radical biology and oxidative stress in the 
context of neurodegenerative disorders. My collaborations with the 
pahramceutical industry have provided me with experience in rational drug 
design, pharmacokinetics, blood-brain barrier physiology, high throughput assay 
development, identification of SAR, project management, intellectual property, 
design and analysis of animal trials and the design phase of clinical trials. 



CONTRIBUTION TO THE DISCIPLINE 



The last five years have been particularly productive, highlighted by major papers in 
the Journal of Biological Chemistry (impact factor 6.5), Annals of Neurology (impact 
factor 7.7), Neuron (impact factor 14.1) and The Lancet (impact factor 18.3), several 
of which have achieved high to very high citation rates (50 to 300). While I have 
been keen to establish my academic and scientific credentials, my experience in 
industry led me to appreciate the key role afforded by commercial interests in 
translating basic science into therapeutic reality. Thus a feature of my career has 
always been to concentrate a significant proportion of my efforts on translational 
science. Since 1999 I have been intimately involved in the process of 
commercialisation of our research which culminated in an agreement between The 
University of Melbourne and a public-listed company Prana Biotechnology Pty Ltd 
and since March 2000 I have been Senior Project Manager for the Prana 
Biotechnology-University of Melbourne Research Agreement with responsibility for 
developing in vitro screening assays and animal trials. Over the past three years a 
successful animal trial of a drug for AD for which I had primary responsibility has 
translated into a positive Phase II human clinical trial of one drug with a Phase II trial 
of a second generation drug in progress. In addition to the commercial support I 
have been successful in attracting substantial funds from Government, institutional 
and philanthropic sources and currently manage a budget in excess of $1.5 million 
per annum. 

Research Profile 

National and International Profile: 

The high citation rates of my publications attest to the influence of my work in the 
Alzheimer's research community and I am frequently called upon to review 
manuscripts and grant applications. In 2002 I was invited to address the 
International Alzheimer's conference in Philadelphia. I maintain productive 
collaborations with groups in Chile (Prof Nibaldo Inestrosa, University of 
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Santiago), South Korea (Prof Jae Koh, University of Ulsan College of Medicine, 
Seoul), the USA (Prof Julie Anderson, Buck Institute for Aging Research, Novato, 
California). A proportion of my research commitment during the last five years 
has been subject to commercial confidentiality however at the recent International 
Conference on Alzheimer's Disease and Related Disorders in Madrid, Spain, I 
was senior or presenting author on four presentations and co-author on a further 
14 (including two with collaborating labs). I was responsible for coordinating and 
reviewing the 16 poster and oral presentations of the largest single delegation 
from an individual laboratory to attend this large and prestigious conference. I 
have been invited to speak at several local research institutes (Howard Florey, 
NARI etc) and have been particularly active disseminating current research in 
Alzheimer's disease to community service groups (eg Rotary, Lions) and to lay 
interest groups (eg Alzheimer's Association of Australia). 

International Collaborations: 

• Prof Ashley Bush: Former Head of the Laboratory for Oxidation Biology, 
Massachusetts General Hospital, Boston, USA; currently Unit Head, the 
Oxidation Disorders Laboratory, The Mental Health Research Institute of 
Victoria and Professor, Department of Pathology, University of Melbourne. 
Prof Bush is a long-time collaborator. Typically, his group at Massachusetts 
General was responsible for generating in vitro data and my group in 
Melbourne applied that information to AD tissue and animal models for AD. 
Prof Bush returned to Melbourne in 2005 to take up an ARC Federation 
Fellowship. I continue to partner him in managing the Melbourne laboratory on 
a day to day basis. 

• Assistant Prof Xudong Huang: Department of Psychiatry, Massachusetts 
General Hospital, Boston, USA. Dr Huang has worked with me to translate 
basic discoveries regarding the redox potential of the A|3-Cu complex into a 
practical assay for drug development and screening. 

• Dr Lee Goldstein: Brigham and Womens Hospital Harvard Medical School, 
Boston, USA. Dr Goldstein noted that a unique form of previously 
undiagnosed cataract seemed to be present in the lenses of AD sufferers. We 
collaborated to detect deposits of Ap in the excised lenses of AD patients. 

• Dr Avi Friedlich: Bedford Veteran's Affairs Hospital, Boston, USA. My group 
worked with Dr Friedlich to explain how the perivascular deposits of A(3, which 
are a feature of AD cerebrovasculature, are influenced by the local zinc milieu. 

• Dr Mahmoud Kiaei: Cornell University, New York, USA. Our lab has worked 
with Dr Kiaei to investigate the influence of copper on the course of disease in 
an animal model for Amyotrophic Lateral sclerosis. 

• Prof Julie Anderson: Buck Institute for Aging Research, Novato, California, 
USA. Our collaboration has revolved around the role of metals in Parkinson's 
disease and the potential of metal chelating agents to attenuate neuronal 
damage in animal models of PD. 

• Prof Jae Koh: University of Ulsan College of Medicine, Seoul, Republic of 
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Korea. We have been studying the role of zinc in the formation of amyloid 
plaques. 

• Prof Nibaldo Inestnosa: University of Santiago, Chile. Prof Inestrosa's group is 
studying the influence of copper upon A(3 expression in a transgenic c.elegans 
model. Our role in the collaboration has been to measure metal levels and 
consult on experimental design. 

• A/Prof Takaomi Saido: RIKEN Brain Science Institute, Saitama, Japan; Prof 
Yoshi Kato: School of Human Science and Environment University of Hyogo, 
Japan; and Prof Alex Rohen Sun Health Research Institute, Arizona, USA. 
We are studying the effects of oxidative processes upon the expression of 
oxidatively modified forms of Abeta in the AD brain. 

National Collaborations: 

• Prof Colin Masters: As former Chairman of the Department of Pathology and 
long-time head of our neurodegeneration group, Professor Masters has been 
supervisor, mentor and scientific collaborator. Our particular area of interest is 
identification of the 'toxic principle 1 in Alzheimer's disease. 

• Prof Catriona McLean: Head, Neuropathology, Alfred Hospital. Prof Mclean 
and I have worked together to characterise the abundance and pathological 
relevance of soluble and insoluble Abeta in human AD brain. 

• Dr Qiao Xin Li: Department of Pathology, University of Melbourne. Our 
collaboration involved ascertaining the distribution of soluble and insoluble Ap 
species in a non-amyloidogenic animal model for Alzheimer's disease. 

• Dr. Roberto Cappai: Department of Pathology, University of Melbourne. Our 
collaborations include metal binding to recombinant prion species, structure- 
function relationships in the Abeta metal binding site and investigations into 
the chemical basis of the aggregation of a synuclein 

• Dr Kevin Barnham: Department ofPatholog,y University of Melbourne. Our 
collaboration revolves around the physico-chemical properties of the Ap-metal 
complex and oxidative modifications to Ap resulting from the redox activity of 
the Ap-copper interaction. 

• Dr Anthony White: Department of Biochemistry, University of Melbourne. Our 
collaboration is concerned with the amelioration of the toxic effects of Abeta 
and metals in cell culture 

• Dr Wah Chin Boon: Prince Henry's Institute of Medical Research. Our ongoing 
collaboration involves the role of estrogen in Ap amyloid deposition in an 
Alzheimer's mouse model. 

• Dr Victor Villemagne (2005-present): Dr Villenagne is a Nuclear Medicine 
practitioner recruited by Prof Masters to establish imaging techniques for the 
diagnosis of AD. I have worked closely with Dr Villemagne in working up 
methods for the evaluation of potential imaging agents in animals and post 
mortem human tissue. 
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Prof Ralph Martins: Macusker Foundation for Alzheimer's Research, Perth. 
Plasma samples from a large ageing cohort were analysed for metal content. 



The Biometals Analysis Facility, Department of Pathology, University of 
Melbourne 



I founded and manage the Biometals Analysis Facility at the University of 
Melbourne. Since its inception in 2000 the BAF has become an invaluable and 
unique resource not duplicated elsewhere in Australia. The unit, which consists 
of an Inductively Coupled Plasma Mass Spectrometer and dedicated operator 
situated in the School of Medicine, has provided a gateway to numerous 
collaborations, both national and international which has had a dramatic effect on 
our research output. This resource is freely available to all members of the wider 
neurodegeneration research group and is heavily used by that group. 

International collaborations which have employed our facility in the area of 
neurodegenerative disorders include the following: 

• Prof Julie Anderson: Buck Institute for Aging Research, Novato, California, 
USA. Our collaboration has revolved around the role of metals in Parkinson's 
disease and the potential of metal chelating agents to attenuate neuronal 
damage in animal models of PD. 

• A/Prof Simon Melov: Buck Institute for Aging Research, Novato, California, 
USA. Metal involvement in ageing and oxidative stress. 

• Prof Jae Koh: University of Ulsan College of Medicine, Seoul, Republic of 
Korea. Studying the role of zinc in the formation of amyloid plaques. 

• Assist Prof Xudong Huang: Department of Psychiatry, Massachusetts General 
Hospital, Boston, USA. Translating basic discoveries regarding the redox 
potential of the Ap-Cu complex into a practical assay for drug development 
and screening. 

• Dr Lee Goldstein: Brigham and Womens Hospital, Harvard Medical School, 
Boston, USA, Dr Goldstein noted that a unique form of previously 
undiagnosed cataract seemed to be present in the lenses of AD sufferers. We 
collaborated to detect deposits of Ap and associated metals in the excised 
lenses of AD patients. 

• Dr Avi Friedlich: Bedford Veteran's Affairs Hospital, Boston, USA. Explaining 
how the perivascular deposits of Ap which are a feature of AD 
cerebrovasculature are influenced by the local zinc milieu. 

• Dr Mahmoud Kiaei: Cornell University, New York, USA. Investigating the 
influence of copper upon the course of disease in an animal model for 
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Amyotrophic Lateral sclerosis. 

• Dr Lenore Launer: National Institutes of Mental Health, USA. The correlation 
of CSF metals with A(3 levels in a large cohort of AD and age-matched 
patients. 



Most Significant Papers 

Chernv. R.A .. Legg, J.T., McLean, C.A M Fairlie, DP., Huang, X., Atwood, C.S., Tanzi, 
R.E, Masters, C.L. and Bush, A.I. (1999) Aqueous dissolution of Alzheimer's disease 
A(3 amyloid deposits by biometal depletion. J.Biol. Chem 274: 23223-23228. (163 
citations) 

•In this work I demonstrated that the metals known to be associated with the amyloid 
plaques in AD brains play a crucial structural role in the deposits. I showed that 
application of a copper-zinc chelator of suitable affinity prepared in physiological buffer 
could dissolve amyloid deposits which hitherto were considered intractable under all 
but the most stringent conditions. This series of observations gave rise to the 
possibility that such agents if suitably non-toxic and bioavailable may be the basis of a 
novel therapeutic approach to the treatment of AD. 

McLean, C.A.*. Chernv, R.A* . Fraser, F.W., Fuller, S.J., Smith, M.J., Beyreuther, K, 
Bush, A.I. and Masters, C.L. (1999) Soluble AP as a determinant of severity of 
neurodegeneration in Alzheimer's disease. Ann. Neurol.46: 860-866. (318 citations) 

• It was commonly held that insoluble A(3 in the form of fibrils making up the amyloid 
plaques of AD were the primary neurotoxic agents in the disease. The work described 
here showed that the minor population of soluble Ap and not the predominating fibrillar 
Ap which correlates with neurodegeneration. This finding signalled a paradigm change 
in the search for the toxic principle in AD and has led to identification of soluble 
oligomers of Ap as novel therapeutic targets. 

• equal contribution 

Chernv, R-A. , Atwood, C.S., Xilinas, M.E., Gray, D.N., Jones, W.D., McLean, C.A., 
Barnham, KJ., Volitakis, I., Fraser, F.W., Kim, Y-S., Huang, X M Goldstein, L.E., Moir, 
R.D., Lim, J.T., Zheng, H., Tanzi, R.E., Masters, C.L and Bush, A.I. (2001) Treatment 
with a copper-zinc chelator markedly and rapidly inhibits (J-amyloid accumulation in 
Alzheimer's disease transgenic mice. Neuron 30: 665-676. (318 citations) 

• The findings described in this article represent the first practical demonstration of the 
therapeutic potential of metal complexing agents for the treatment of Alzheimer's 
disease as first proposed in my 1999 paper (J.Biol. Chem 274: 23223-23228) 

Kaur, D., Yantiri, F., Mo, J.Q., Viswanath, V., Boonplueang, R. f Jacobs, R., Yang, L, 
Flint-Beal, M., DiMonte, D., Chernv. R-A ,, Bush, A.I. and Andersen, J.K. (2003) Non- 
toxic genetic or pharmacological iron chelation prevents MPTP-induced neurotoxicity 
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in vivo: A novel therapy for Parkinson's Disease. Neuron, 37: 899-909 (115 
citations) 

• This work demonstrated that the copper/zinc chelator clioquinol is dramatically 
effective in reducing the symptoms of Parkinson's disease as well as Alzheimer's 
disease. This pivotal paper underlines our fundamental view that the major diseases of 
protein aggregation in the CNS are linked by a common pathophysiological 
mechanism. 

Craig W Ritchie, Andrew Mackinnon, Steve Macfarlane , Robert Chernv . Qiao-Xin Li 
, Amanda Tammer, Darryl Carrington , Christine Mavros , Irene Volitakis, Konrad 
Beyreuther, Stephen Davis and Colin L Masters (2003) Metal - protein attenuation 
with iodochlorhydroxyquin (clioquinol) targeting Ap amyloid deposition and toxicity in 
Alzheimer's disease: a pilot Phase 2 clinical trial.(2003) Arch Neurol. 60: 1685-1691 
(134 citations) 

• This article presents results of the first clinical trial of clioquinol in Alzheimer's 
disease patients. The trial provided crucial clinical support for the hypothesis of metal 
dependent Abeta neurotoxicity in AD and reinforced the validity of the in-vitro and 
animal based screens for AD drug development. 

Chernv. R.A.. Bamham, K.J., Bush, A.I., Cappai, R., Gautier, E.C.L., Masters, C.L., 
Carrington, D., Kocak, G., Volitakis, I., Kok, G.B. (2006) PBT2, a novel MPAC for the 
treatment of Alzheimer's disease. Alzheimer's and Dementia: 2 (Supplement) S646 

• This is the first description of a novel Alzheimer's drug developed using the 
Structure-Activity Relationship derived from our medicinal chemistry screening 
program. This drug has completed Phase I safety trials and in 2007 proceeded to a 
Phase II biomarker and efficacy study in AD patients. 



APPENDIX 2 
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lonophore assay protocol 



At the end of the incubation, the media was removed and replaced with 1 ml PBS to 
dislodge the cells, which were then put into Eppendorf tubes and pelleted. 

M17 human neuroblastoma cells are plated out on 6 well tissue culture plates 
and left overnight. Sufficient cells are provided to achieve approximately 70 % 
confluence (1 million cells). 

Cells were incubated in a media of 1 ml of Opti-MEM (Invitrogen) with added 
10% FBS, Sodium Pyrvate, NEAA, and PenStrep and 10 mM of Cu2+ for 5 hr at 37_C. 
The cells are also incubated with or without the various test compounds. 

At the conclusion of the incubation the media is removed using a vacuum 
aspirator and 1 ml of PBS is added to dislodge the cells. Cells are then transferred to 
microfuge tubes and pelleted. The PBS is discarded and the remaining cell pellets are 
frozen at -20 C. 

The cell pellets were then used for inductively coupled plasma mass 
spectrometry (ICPMS) analysis of metal content. 

The cell pellets are prepared as follows: 
50 ul of concentrated Nitric Acid (Aristar. BDH) is added to each cell pellet and the 
samples allowed to digest overnight. Following this procedure the samples are 
heated for 20 min at 90°C to complete the digestion. The volume of each sample is 
reduced to -45 ui after digestion.to which a further 1 ml of 1 % Nitric Acid diluent is 
added, (referred to as the "preparation solution" samples). 

Measurements are performed using a Varian UltraMass ICPMS instrument 
under operating conditions suitable for routine multi-element analysis. 

The instrument is calibrated using Blank, 10, 50 and 100 ppb samples of a 
certified multi-element ICPMS standard solution (ICP-MS- CAI2-1, Accustandard) for 
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Fe, Cu and Zn in 1% nitric acid. A certified internal standard solution containing 100 
ppb Yttrium (Y 89) is included as an internal control (ICP-MS- IS-MIX1-1, 
Accustandard). 

The metal content of the samples is represented as the molar concentration of 
metal per cell pellet. 

The ICPMS based analysis is as previously described in Maynard et al., 2006. 
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Intracellular copper deficiency increases amyloid-^ secretion 
by diverse mechanisms 
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In Alzheimer's disease there is abnormal brain copper distribution, 
with accumulation of copper in amyloid plaques and a deficiency 
of copper in neighbouring cells. Excess copper inhibits Afi 
(amyloid /J-peptide) production, but the effects of deficiency 
have not yet been tetermined. We therefore studied the effects 
of modulating intracellular copper levels on the processing of 
APP (amyloid precursor protein) and the production of A/3. 
Human fibroblasts genetically disposed to copper accumulation 
secreted higher levels of sAPP (soluble APP ectodomain)a into 
their medium, whereas fibroblasts genetically manipulated to be 
profoundly copper deficient secreted predominantly sAPP/J and 
produced more amyloidogenic ^-cleaved APP C-termini (C99). 
The level of Afi secreted from copper-deficient fibroblasts was 
however regulated and limited by or-secretase cleavage. APP can 
be processed by both a- and 0-secretase, as copper-deficient 



fibroblasts secreted sAFPfi exclusively, but produced primarily or- 
cleaved APP C-terminal fragments (C83). Copper deficiency also 
markedly reduced the steady-state level of APP mRNA whereas 
the APP protein level remained constant, indicating that copper 
deficiency may accelerate APP translation. Copper deficiency in 
human neuroblastoma cells significantly increased the level of Afi 
secretion, bnt did not affect the cleavage of APP. Therefore copper 
deficiency markedly alters APP metabolism and can elevate Afi 
secretion by either influencing APP cleavage or by inhibiting 
its degradation, with the mechanism dependent on cell type. 
Overall our results suggest that correcting brain copper imbalance 
represents a relevant therapeutic target for Alzheimer's disease. 

Key words: Alzheimer's disease (AD), amyloid, amyloid pre- 
cursor protein (APP), copper, Menkes protein (ATP7A), neuron. 



INTRODUCTION 

AD (Alzheimer's disease) is characterized by three main patho- 
logies in the brain; extraneuronal senile plaques, intraneuronal 
neurofibrillary tangles and diffuse loss of neural synapses 
(reviewed in [1]). The principal constituent of the senile plaque is 
aggregated Afi (amyloid /J-peptide) [2,3] . Afi is normally secreted 
by cells and found in biological fluids. Considerable evidence 
indicates that the formation of senile plaques is mediated by 
endogenous biometals [4-7]. Copper and zinc are both enriched 
in Afi plaques and co-purify with Afi from post-mortem AD 
brain [6-8]. Metal chelation has also been shown to dissolve 
Afi aggregates extracted from post-mortem AD brain [5] and 
inhibit Afi accumulation in transgenic mouse models in vivo 
[9,10], A/? binds copper [11], and by catalysing its reduction 
can generate H 2 0 2 from oxygen [8,12]. Therefore copper- A/* 
complexes could contribute to AD disease progression. Perturbed 
metal homeostasis may foster Afi aggregation in the AD brain. 

Soluble Afi is derived from intracellular proteolytic cleavage 
of APP (amyloid precursor protein) [13]. APP localizes to the 
constitutive secretory pathway within cells and is orientated with 
a large N-terminal ectodomain that is either luminal [TGN (trans- 
Golgi network)/vesicles] or exofacial (plasma membrane) and 
a short cytoplasmic C-terminal region. APP undergoes intra- 
molecular cleavage by o>, fi- and y-secretases (Figure 1). Apart 
from within the Afi region, APP contains a second histidine- 



based copper-binding site located in the N-terminal ectodomain, 
which is homologous with APLP (amyloid precursor-like pro- 
tein)2 [14]. There is growing evidence for physiological interac- 
tions between APP (or its proteolytic fragments) and copper meta- 
bolism. APP and APLP2 knockout mice accumulate copper in 
tissues, notably in brain and liver [15,16], whereas transgenic 
mice overexpressing the Swedish mutant of APP or just the 
last 100 C-terminal residues have a decreased level of brain 
copper [17,18]. Copper levels modulate APP transcription [19] 
and may modify APP protein processing. In one report, APP 
processing was sensitive to extracellular copper levels, with an 
elevation in copper reducing the level of Afi production while 
increasing the secretion of APP ectodomain in cultured cells 
[20]. In addition, mutation of ATP7B (Wilson protein), which 
significantly increases liver and brain copper, has been shown to 
decrease brain and plasma Afi levels [18]. 

Copper homeostasis is heavily dependent on the activities of 
the copper transporters ATP7A (Menkes protein) and ATP7B, 
which are defective in the genetic disorders of Menkes and Wilson 
disease respectively (reviewed in [21]). ATP7A is expressed in 
most tissues (except the liver), whereas ATP7B is expressed 
in liver hepatocytes, brain, breast and placenta. These copper 
ATPases translocate cytosolic copper across membranes and into 
secretory compartments. To remove excess intracellular copper, 
both proteins relocate from the TGN to exocytic vesicles [22,23]. 
Previously, ATP7A was found to generate vesicular copper that is 



Abbreviations used Afl amyloid ^-peptide; AD, Alzheimer's disease; APLP. amyloid precursor-like protein; APP, amyloid precursor protein; APP695. 695 
residue APP; ATP7A, Menkes protein; ATP7B, Wilson protein; BACE1. 0-site amyloid precursor protein-cleaving enzyme 1; BCS, bathocuproinedisutfonic 
acid; BME, basal Eagle's medium; C83, or-cleaved APP C-terminal fragment; C99; ^-cleaved APP C-terminaJ fragment; CHO. Chinese-hamster ovary; CT, 
C-terminus; DAPT, N-[AH3,5-difluorophenacer^^ t-butyl ester; f=CS. fetal calf serum; NP40, Nonidet P40; NT. N-terminus; PBST, 

PBS containing 0.05 % Tween 20; RT-PCR, reverse transcription-PCR; sAPP, soluble APP ectodomain; SOD1 , superoxide dismutase 1; TBST, Tris-buffered 
saline with Tween 20; TGN. frans-Golgi network; wt, wild-type. 

1 To whom correspondence should be addressed (email aJbusri@rnhri.edu.au). 
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Figure 1 Schematic representation of antibody epitopes and secretase cleavage sites 

Amino add sequence alignment between the regions of APP and APLP2 recognized by the antibodies used in this study. Antibodies are shown in bold and their epitopes are indicated by horizontal 
brackets. APP/APLP2 regions arc shown try their amino acid numbers under solid vertical lines. The main secretase cleavage sites are also shown. 



released into the synaptic cleft from the post-synaptic neuron on 
NMDA (iV-methyl-D-aspartate) stimulation [24]. Therefore APP, 
Aft and ionic copper are co-localized to the glutamatergic synaptic 
cleft where amyloid pathology first occurs. 

Information about the impact of intracellular copper on APP 
processing is limited. While increasing copper in cell culture [20] 
and in transgenic mice [18,25] is associated with decreased A0 
levels, the mechanism for this is unclear. Moreover, nothing is 
known about the effect of copper deficiency on Afi production, 
which is important because AD brain tissue is copper deficient 
[26-29]. To address this, we have studied human fibroblast 
cell lines with genetically modified levels of the copper-efflux 
proteins ATP7A and ATP7B to determine how changes in the 
level of intracellular copper influence APP and APLP2 processing 
and A/J production. We further investigated the influence of 
copper modulation on APP and APLP2 proteolysis in human 
neuroblastoma cells. 



EXPERIMENTAL 
Cells and reagents 

Immortalized human fibroblast cell lines [GM2069 (normal), 
A12-H9, Me32a, C3-C1 and WND16] with different copper 
phenotypes were generated as described previously [30]. The 
details of these cell lines and their characterization are shown 
in Figure 2. Fibroblasts were cultured at 37 °C and 5 % C0 2 as 
a monolayer in BME (basal Eagle's medium; Trace Biosciences, 
Noble Park, VIC, Australia), supplemented with 10% (v/v) 
FCS (fetal calf serum; Commonwealth Serum Laboratories, 
Broadmeadows, VIC, Australia), 2mM i^glutamine, 12 mM 
NaHCOj and 100 mM Hepes (Thermo Electron). The fibroblast 
cell lines transfected with ATP7A or ATP7B were cultured 
in medium containing SOO^g/ml G418 to maintain transgene 
expression [30]. The human SY5Y neuroblastoma line was 
cultured at 37 °C as a monolayer in RPMI 1640 medium (Trace 
Bioscience) supplemented with 20 % (v/v) FCS (Commonwealth 
Serum Laboratories), 2mM L-glutamine, 12 mM NaHC0 3 , 
100 mM Hepes, 1 mM pyruvate (Thermo Electron) and 0.5 /iM 
uridine (Sigma). The SY5Y cell line transfected with wt (wild- 
type) APP695 (695 residue APP) was cultured in medium 
supplemented with 2 /xg/ml puromycin to maintain transgene 
expression. 

Synthetic A0 [A0(1-4O) and A0(l-42)] were purchased from 
the W.M. Keck Foundation Laboratory (Yale University, New 
Haven, CT, U.S.A.) and was dissolved in 50 mM Tris/HCl 
(pH6.8), 150 mM NaQ and 0.5% (v/v) NP40 (Nonidet P40). 
The y-secretase inhibitor DAFT {AKA43,5-difluorophenacetyl>- 
L-alanyl]-(5>phenylglycine t-butyl ester} was purchased from 



Merck. The goat polyclonal anti-ATP7A and anti-ATP7B 
antibodies (designated R17 and NC36 respectively) have been 
characterized previously [31,32], The following antibodies 
were supplied by the Department of Pathology, University of 
Melbourne (Melbourne, VIC, Australia): mouse monoclonal 
antibody W02 [33], mouse monclonal anti-A/J(l--40) antibody 
(G210) [33], mouse monoclonal anti-A0(l-42) antibody (G211) 
[33], rabbit polyclonal anti~APLP2NT antibody [34] (where NT is 
N-terminus) and mouse monoclonal antibody 22C 1 1 [35]. Mouse 
monoclonal antibody 6E10, rabbit polyclonal anti-APPCT (where 
CT is C-terminus) and anti-APLP2CT antibodies were purchased 
from Merck, and mouse monoclonal anti-0-actm was pur- 
chased from Sigma. The epitopes recognized by the APP- and 
APLP2-specific antibodies are shown in Figure 1. All other 
reagents were supplied by Sigma unless specified otherwise. 

Culturing conditions and transection 

Culturing conditions were optimized to allow the concurrent 
examination of both whole-cell lysates and conditioned medium 
by Western-blot analysis. In a 12- well tray, each fibroblast line was 
seeded into separate wells (~ 1.6 x 10 5 cells) and cultured in 2 ml 
of medium (see above) for 24 h. The medium was then replaced 
with 400 fil of fresh basal medium or medium containing 2 puM 
DAPT and/or 10 fiM cyclohexamide, or 100 or 200 mM 
CuG 2 (see the Results section for details) and the fibroblasts 
were further cultured for 1 6 h overnight The conditioned medium 
was removed and retained, and the cells were quickly washed 
with ice-cold PBS before the addition of 150 fil of ice-cold lysis 
buffer [50 mM Tris/HCl (pH6.8), 150 mM NaQ, 0.5% (v/v) 
NP40 and protease inhibitor cocktail] to each well. The tray was 
rocked on ice at 4 °C for 10 min and then the cell lysates were 
transferred into 1-5 ml tubes. Lysates and conditioned medium 
were centrifuged at 9503 g for 10 min at 4°C to remove cellular 
debris. These conditions were optimized so that 40-50 /xg of 
total protein (lysate) was analysed by Western blot. SY5Y cells 
overexpressing wtAPP695 were cultured to ~80% confluency 
in 25 cm 2 flasks. The medium (see above) was then replaced with 
2.5 ml of fresh basal medium or medium containing treatment 
(2 fiM DAPT, 100 fiM or 200 /xM CuCl 2 ; see the Results section 
for details) and the cells were further incubated for 16 h overnight 
For copper chelation treatment, cells were cultured in medium 
supplemented with 200 ^M BCS (bathocuproinedisulfonic acid) 
and 200 fiM D-penicillamine for an initial 56 h period Cell lys- 
ates and conditioned medium was prepared as described above for 
the fibroblasts; however, the cells were lysed in 500 /tl of ice-cold 
lysis buffer. 

The generation of the mammalian expression construct 
encoding wtAPP695 (pIRESpuro2-based) has been described 
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Figure 2 Characterization of Immortalized human fibroblast cell lines with genetically modified intracellular copper levels 

(A) Description ot each fibroblast line foci udino the relative level of intracellular copper compared with the control fibroblast line (GM2068). (B) Western-blot analysis comparing the level of ATP7A 
and ATP7B expression in each fibroblast line, with anti-0-actin antibody used as a control. Molecular-mass-markers are indicated on the left (in kDa). (C) Copper content of each fibroblast lina 
Results are normalized means± SO. (n=3) for each cell line and are ng of copper per 1 x 10* cells. (D) Imrnunolluorescence microscopy showing the coprjenfependerrt subcellular localization 
of ATP7A and ATP7B in A12-H9 and WNDl 6 fibroblasts respectively. The fibroblasts were cultured in either basal medium (0.5-1 /tM Cu) or 100 mM CuCfe-supplemented metfumlor 2 h at 37 °C 
before fixation. 



previously [36]. Transient transfection of GM2069 and A12-H9 
fibroblasts with the plasmid encoding wtAPP695 v/as performed 
using FuGENE^HD (Roche) following the manufacturer's 
recommendations. Stable transfection of SY5Y cells with the 
plasmid encoding wtAPP695 was performed using Lipofec- 
tamine™ (Invitrogen) following the manufacturer's instructions. 
The cells were recovered overnight in RPMI 1640 medium 
containing 20% (v/v) FCS before transfectants were isolated by 
treatment with 2 fig/wl puromycin for 30 days. 

Western-blot analysis and densitometry 

Cell lysates and conditioned media were fractionated by 
electrophoresis on Novex® pre-cast gels (10% or 10-20% 
gradient gels) using the Xcell Surelock™ mini-cell system 
(Invitrogen). Samples were prepared for electrophoresis by the 
addition of Novex® Tricine SDS sample buffer (Invitrogen) and 
10% (v/v) 2-mercaptoethanol, and were heated at 90°C for 
5 min. Following electrophoresis (125 V for ~ 90 min), proteins 



were transferred on to nitrocellulose (Amersham) using the 
XCellH™ blot module and the Xcell Surelock™ mini-cell system 
(Invitrogen) according to the manufacturer's instructions. The 
nitrocellulose membrane was then blocked using 5 % (w/v) non- 
fat dried skimmed milk powder in TEST (Tris-buffered saline 
with Tween 20) buffer [10 raM Tris/HQ (pH 8.0), 150 mM NaCl 
and 0.1 % (v/v) Tween 20] for 1 h at room temperature (22 °C). 
The membrane was then incubated with primary antibody diluted 
in TBST at 4°C overnight or for 2h at room temperature. 
The following primary antibodies were used: anti-ATP7A (R17, 
1:1000 dilution), anti-ATP7B (NC36, 1:1000 dilution), anti-j3- 
actin (1:10000 dilution), W02 (1:25 dilution), 22C11 (1:100 
dilution), 6E10 (1:100 dilution), APLP2NT (1:1500 dilution), 
APLP2CT (1:5000 dilution) and APPCT (1:20000 dilution) anti- 
bodies. After three washes, each for 10 min with TBST, the 
appropriate HRP (horseradish peroxidase)-c6njugated secondary 
antibody (Dako; 1:10000 dilution in TBST) was applied to the 
membrane for 1 h at room temperature. Analysis was carried out 
using ECL (enhanced chemiluminescence) reagent (Amersham), 
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following the manufacturer's instructions and images were 
captured using the LAS -3000 imaging suite and analysed using 
Multi Gauge software (Fuji). 

Densitometry was used to evaluate immunolabelled protein 
intensity and was expressed as a percentage comparison with 
the control experiment Pixel intensities (arbitrary units) were 
quantified using Multi Gauge software (Fuji) and their levels 
were normalized relative to j3-actin controls. Hie average of three 
independent experiments for each condition (as detailed in the 
Results section) was used for comparison. We also detenrdned 
whether the correlation between the level of A p and pixel intensity 
was linear (results not shown). Incremental amounts of synthetic 
A/S(I-40) were subjected to densitometry and their pixel intensity 
values (arbitrary units) were compared in order to determine 
linearity [gradient (m)]. We found that provided the amount of 
A/J was below 100 pg then a linear relationship was maintained 
(m = 1). However, if the level exceeded 100 pg, then this linearity 
was lost. We therefore assumed linearity in the densitometry 
evaluation of the A/3 bands shown in Figure 5C, because their 
intensity was less than that of 100 pg A0(1-4O). The linearity 
of /?-actin densitometry measurements was also evaluated and a 
linear relationship existed when 60 pug or less of total cellular 
lysate was used (results not shown). 

Antibody-capture ELISA for kfi quantification 

The level of Afi in culture medium was quantified using DELFIA® 
double-capture ELISA as described previously [3637]. Briefly, 
separate wells (of a 96-well plate) were coated with the mouse 
monoclonal anti-A£(l^K)) antibody (G210, 0.4 ^g/weU) or anti- 
A0(l-42) antibody (G211, 0.6 /-tg/well) and then blocked with 
casein buffer [0.5% (w/v) casein with PBST (PBS containing 
0.05 % (v/v) Tween 20)] for 2 h at 37 °C. Plates were washed with 
PBST before biotinylated W02 together with culture medium or 
synthetic A0 standards [A£(l-40) and A0(l-42)] was added 
to each well and incubated overnight at 4°C. The plates were 
again washed with PBST and then streptavidin-labeled europ- 
ium (PerkinElmer) was applied to each well. Enhancement 
solution (PerkinElmer) was then added and the absorbance (A) 
was measured using a Wallac VICTOR 2 1420 Multilabel plate 
reader (PerkinElmer, A CJt =340nm and X en = 613nm). Results 
obtained with the A/J standards generated a standard curve, 
which was then used to calculate the Aft concentration in 
the culture media (expressed as ng/ml). Each sample was 
measured in triplicate wells and averaged Results are normalized 
means ± S.D. (n = 3) for each condition. 

immunofluorescence microscopy 

The A12-H9 and WND16 fibroblast cell lines were cultured in 
75 cm 2 flasks to ~90% confhiency before being harvested with 
3 ml of trypsin solution [0.05 % (v/v) trypsin and 0.02% (v/v) 
EDTA] and adjusted to 10 ml with serum-containing medium 
[10% (v/v) PCS]. In a 24- well tray, aliquots (100 fil) of the 
10 ml cell suspensions (~ 8 x 10* cells) were seeded on to flamed 
13 mm glass coverslips and were cultured with 1 ml medium 
until the cells reached ^80 % confluency. The medium was then 
replaced with either basal (0.5-1 fjM CuCl 2 ) or supplemented 
(100 fM CuCl 2 ) medium and the fibroblasts were incubated for a 
further 2 h. After treatment, the cells were fixed by incubation 
in 4% (w/v) paraformaldehyde in PBS for lOrnin at room 
temperature, permeabilized using 0.1% (v/v) Triton X-100 in 
PBS for 10 min at room temperature and then blocked in 1 % 
(w/v) BSA and 1 % (w/v) gelatin in PBS at 4°C overnight. In 
between each step, the cells were washed four rimes with block- 
ing solution. The coverslips were then incubated with either 



anti-ATP7A antibody (R17, 1:2000 dilution) or anti-ATP7B 
(NC36, 1:5000 dilution) for 1 h at room temperature. Following 
four washes with blocking solution, the coverslips were then 
incubated with donkey anti-goat Alexa Fluor® 488 (Chemicon; 
1:2000 dilution in blocking solution) for 1 h at room temperature. 
Coverslips were mounted on to glass microslips using 2.6 % (w/v) 
l,4-diazadicyclo[2.2.2]octane (Sigma) in 90% (v/v) glycerol. 
Immunolabelled cells were analysed using Olympus PROVIS 
AX70 microscope and a x 60 oil objective lens. 

Intracellular metal analysis 

The fibroblast cell lines were each split into triplicate 75 cm 2 
flasks containing 20 ml of medium and incubated for 24 h. The 
medium was then replaced with fresh medium (see above) and 
the cells were incubated for a further 16 h. Hie medium was 
then discarded and the cells washed with 2 ml of trypsin solution 
[0.025% (v/v) trypsin and 0.02% (v/v) EDTA] before being 
harvested with 1 .6 ml of trypsin solution. Cells were counted using 
a baemocytometer and 1.5 ml of the cell suspension was centri- 
fuged at 1 000 g for 5 min at room temperature to pellet the cells, 
after which the supernatant was removed and the pellet was stored 
at — 20 °C until it was analysed for copper content. Analysis of 
the level of copper, zinc and iron in the SY5Y overexpressing 
wtAPP695 cells was performed as described above; however, 
these cells were cultured for 56 h before the medium was replaced 
for 16 h overnight treatment. For copper chelation treatment, the 
cells were also cultured in medium supplemented with 200 fiM 
BCS and 200 fxM D-penicillamine for the initial 56 h period. 
Cellular metal concentration was measured using inductive- 
coupled plasma MS (UltraMass 700, Varian). The average of 
triplicate determinations for each cell line and condition was used 
for comparison. 

RT-PCR (reverse transcription-PCR) 

The generation of cDNA from the four fibroblast cell lines 
was achieved using the Superscript™ III CellsDirect cDNA 
synthesis system (Invitrogen) following the manufacturer's 
protocol. Oligonucleotides used to amplify APP, APLP2 and /J- 
actin were designed for specificity and complemented the human 
sequence. The APP-specific oligonucleotides are capable of 
amplifying all APP alternatively-spliced products. The sequences 
of these primers are as follows: APP#1 (forward) 5'-AA- 
TGTGGATTCTGCTGATGCGGAG-3', APP#2 (reverse) 5'-CC- 
CATTCTCTCATGACCTGGGA-3', APLP2#1 (forward) 5'-TC- 
G CTTTGTTAC ACCTTTC-3' , APLP2#2 (reverse) 5'-TAGC- 
TTGAAGCTCTGCCTCT-3', 0-actin#l (forward) 5'-GGCGG- 
CAACACCATGTACCCT-3 7 and <3-aetin#2 (reverse) 5'- AGG- 
GGCCGGACTCGTCATACT-3'. The PCR reaction contained 1 x 
PCR buffer, 0.2 mM of each dNTP, 2 mM MgCl 2 , 0.2 /zM of 
each primer, 2.5 units Platinum Taq DNA polymerase and 3 til 
of cDNA (Invitrogen). Reactions were run on an Eppendorf 
Epgradient S Mastercycler on the following program: one cycle 
of 94 °C for 2 min, 38 cycles of 94 °C for 45 s, 57°C for 60s 
and 72 °C for 60 s, followed by one cycle of 72 °C for 2 min. The 
PCR reactions were resolved on 1.8 % (w/v) agarose gels using 
standard electrophoresis procedures. 

RESULTS 

Human fibroblasts with altered intracellular copper levels 

Human fibroblast cell lines with genetically modified levels of the 
copper-efflux proteins ATP7A and ATP7B, and therefore differ- 
ent copper phenotypes (Figure 2A), were used to determine if 
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Figure 3 Intracellular copper levels dramatically Influence APP and APLP2 metabolism 

(A) Western-blot analysis of APP and APLP2 in whole-cell lysates and conditioned medium from the indicated fibroblast cell lines. Whole-cell lysales and medium were Western blotted using W02. 
22C1 1 and APLP2NT arrtibwSes. with anti-£-actin antibody as a control. The percentage Increases and decreases in parenthesis refer to the change in copper levels compared with the control cell 
line. (B) Derertorneolc analysis ol the level of APP secreted into medium conditioned by the fibroblast cell lines. The experiment shown in (A) was repeated three times and the pixel intensity of the 
immunolabetled sAPPa and sAPP0 detected were evaluated and normal ted against 0-actin controls Results are me percentage of secreted APP (total sAPP (22C1 1) and sAPPa (W02)] compared 
with the control cell line (GM2069). Results were analysed using the Student* t test (*. P < 0.01 ; **, P < 0.05). (C) Western-blot analysis of the a- and /J-secretase-cleaved APPCT and APLP2CT 
in the indicated fibroblast cell lines by Western blotting with APPCT and APLP2CT antibodies, with anfi-0-actin antibody used as a control. (D) Western-blot analysis of APP and APLP2 in whole-cell 
lysates and conditioned medium from normal fibroblast cells (GM2059) and two copper-deficient fibroblast cell fines (A12-H9 and C3-C1). Whole-cell lysates and medium were Western blotted 
using the, 22C11, W02, APPCT, APLP2CT and anrj-ATP7A antibodies, with anti-0-acrjn antibody used as a control. All Western blots shown are representative of three Independent experiments. 
Molecular-mass-marters are indicated on the left (in kDa). 



changes in intracellular copper levels influence APP metabolism. 
Ordinarily ATP7A is endogenously expressed in fibroblasts 
(Figure 2B) and is primarily responsible for maintaining a 
homeostatic level of intracellular copper [21 J. Fibroblasts derived 
from a Menkes disease patient (Me32a), which are devoid 
of functional ATP7A (Figure 2B) [30], accumulate ~650% 
more copper than normal fibroblasts (GM2069) (Figures 2A 
and 2Q. In contrast, when ATP7A is overexpressed in the 
same Menkes patient cell line (A12-H9; Me32a cells transfected 
with ATP7A) (Figure 2B), the intracellular level of copper is 
drastically depleted, with cells containing *~65% less copper 
than normal fibroblasts (GM2069) (Figures 2A and 2Q. The 
copper accumulation phenotype of the Menkes patient line 
(Me32a) can also be partially corrected by exogenous expression 
of ATP7B (WND16) (Figures 2A and 2Q [30]. However, this 
fibroblast line (WND16) still contains ^ 100 % more copper than 
normal fibroblasts (GM2069) (Figures 2A and 2C), indicating 



that there may be inadequate expression of ATP7B to completely 
compensate for ATP7A disruption (Figure 2B). ATP7A eliminates 
excess intracellular copper directly across the plasma membrane 
[38], whereas ATP7B sequesters excess copper into exocytic 
vesicles [22]. This mechanistic difference becomes apparent when 
cells are exposed to an elevated level of copper, which stimulates 
the trafficking of only ATP7A to the cell periphery (Figure 2D). 
We utilized these cell lines to explore the influence of intracellular 
copper level on APP metabolism. 

Copper depletion switches APP secretase cleavage from 
cc-deavage to ^-cleavage 

Western-blot analysis and densitometry were used to investigate 
the expression profile of APP in the fibroblast cell lines (Figure 3). 
Two antibodies (W02 and 22C11) were used to differentiate 
between sAPP (soluble APP ectodomain) a and sAPPfi (see 
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Figure 1). The 22C1 1 antibody detects cleaved APP ectodomain 
generated through either the non-amyloidogenic (a-cleaved) or 
the amyloidogenic (0-cleaved) pathway. Hie W02 antibody 
detects only sAPPa, as 0-secretase activity cleaves upstream of 
its epitope. Fibroblasts with normal (GM2069) or an elevated 
level of intracellular copper (Me32a and WND16) produced 
similar levels of intracellular APP, as detected by both W02 
and 22C11 antibodies (Figure 3A). These cells also secreted an 
abundant amount of sAPPa into their medium, as determined 
by W02 detection (Figure 3A). Medium conditioned by copper- 
accumulating Me32a and WND16 fibroblasts had a marked 
and significant increase in the level of sAPPa compared with 
medium conditioned by normal fibroblasts (GM2069) (~ 100% 
and ~43% increases respectively) (Figure 3B). These results 
indicate that an elevation in intracellular copper increases APP 
production and subsequent sAPPa secretion, although the steady- 
state intracellular level of APP is unchanged (Figure 3B). Copper- 
deficient fibroblasts (A12-H9) expressed and secreted an sAPP 
species that was detectable by using the 22C1 1 antibody, but not 
with the W02 antibody (Figure 3A), and migrated at a slightly 
lower molecular-mass (Figure 3A). These results are consistent 
with profound copper-depletion switching APP proteolysis from 
a-secretase cleavage (sAPPa secretion) to /J-secretase cleavage 
(sAPP/3 secretion). Additionally, the copper-depleted fibroblasts 
(A12-H9) secreted a level of total sAPP similar to that secreted by 
control (GM2069) fibroblasts (Figure 3B). These results indicate 
that there is a basal amount of total sAPP secretion that is 
maintained even under copper-deficient conditions, whereas total 
sAPP secretion rises under conditions of copper excess. Analysis 
of APLP2 in these fibroblast cell lines revealed that APLP2 also 
increased its steady-state expression under conditions of copper 
deficiency (A12-H9) (Figure 3 A). Full-length APLP2 was only 
detected in the copper-depleted (A12-H9) fibroblasts. No secreted 
APLP2 was detected in the medium. 

To further investigate APP cleavage in these fibroblast cell 
lines, an anti-APPCT antibody was used to assay any C-terminal 
APP cleavage fragments (see Figure 1). Fibroblasts with normal 
(GM2069) or elevated (Me32a and WND16) intracellular copper 
levels contained a similar steady-state level of an APP C-terrninal 
fragment (lOkDa in size) consistent with C83 (a-cleaved APP 
C-terminal fragment) (Figure 3Q. No C-lerminal fragment was 
detected in the copper-deficient fibroblasts (A12-H9) (Figure 3C), 
despite the cells abundantly secreting 0-cleaved APP ectodomain 
(sAPP0) (Figures 3A and 3B). suggesting that C99 OS-cleaved 
APP C-terminal fragment) is rapidly turned over. Use of an 
anti-APLP2CT antibody (raised against the last 12 amino acids 
of APLP2) demonstrated that only full-length APLP2 and not 
its C-texminal cleavage fragment(s) could be detected in the 
copper-deficient A12-H9 cells, but the C-teiminal fragments) 
were present in the other fibroblast cell lines (Figure 3C). 
This suggested that APLP2 cleavage is inhibited by copper 
deficiency and there is consequently no C-terminal fragment 
generated. In summary, these results indicate that processing 
of both APP and APLP2 is sensitive to changes in intracellular 
copper concentrations. 

To demonstrate that the differences in the cleavage of APP 
and APLP2 seen in the copper-deficient A12-H9 cells were not 
due to the transfection procedure itself (e.g. gene interruption by 
transgene integration), an independently derived clonal line (C3- 
Cl) was also examined (Figure 3D). Hie C3-C1 fibroblast cell 
line was previously shown to have very similar characteristics 
to the A12-H9 fibroblast cell line [30], including the level of 
ATP7A overexpression and copper status. Indeed, this fibroblast 
line exhibited a similar APP and APLP2 Western blot profile to 
the A12-H9 cells (Figure 3D). 




Figure 4 Copper deficiency modulates APP and APLP mRNA levels 

RT-PCR amplification of APP and APLP2 in the indicated fibroblast cell lines. Amplification 
from A12-H9 cells treated with cyctoheximide (CH) is also shown. The percentage increases 
and decreases in parenthesis refer to the change in copper levels compared with the control ceil 
line. Note that fibroblasts transcribe the 770. 751 and 695 bp alternatively spliced APP mRNA as 
shown (657 bp, 599 bp and 432 bp products respectively). The sizes of the amplified products 
are indicated on the left in bp. 

Copper depletion changes APP and APLP2 transcription/translation 

It was reported previously that copper depletion in A12-H9 
fibroblasts significantly down-regulates APP gene expression, 
as determined by Northem-blot analysis [19]. To validate this 
finding, we examined the level of APP mRNA in the fibroblast 
cell lines using RT-PCR (Figure 4). In addition, we also 
investigated APLP2 mRNA levels. Fibroblasts with normal 
(GM2069) or elevated (Me32a and WND16) intracellular copper 
levels contained a steady-state level of both APP and APLP2 
mRNA (Figure 4). However, we could not amplify either APP 
or APLP2 mRNA from the copper-deficient A12-H9 cells. Since 
these cells produce both APP and APLP2 protein (Figure 3), the 
inability to detect their respective mRNA transcripts was puzzling. 
We hypothesized that in these copper-deficient cells, the existence 
of APP/APLP2 mRNA is low and transient and therefore any 
transcriptproduced is rapidly translated to protein. To demonstrate 
that copper-deficient A12-H9 cells do indeed produce mRNA 
transcripts for both APP and APLP2, the cells were treated 
with cycloheximide to prevent protein translation (Figure 4). 
Consequently, APP and APLP2 mRNA molecules were faintly 
detected in the cycloheximide treated A12-H9 cells (Figure 4). 
Because steady-state APP protein levels are not decreased in the 
copper-deficient A12-H9 fibroblasts and medium compared with 
normal fibroblasts (GM2069) (Figures 3A and 3B) f our findings 
of low APP mRNA message in A12-H9 cells indicate that copper 
deficiency either accelerates the translation of APP or inhibits the 
degradation of APR 

Amyloidogenic processing of APP is elevated In copper-deficient 
fibroblasts 

An alternative approach to studying the processing of APP 
involves capturing the C-terminal fragments of APP by inhibiting 
y-secretase activity and deterrnining their levels through Western- 
blot analysis [39,40]. To capture the C-terrninal fragments 
produced by normal (GM2069) and copper-deficient (A12- 
H9) fibroblasts, these cell lines were treated with the y- 
secretase inhibitor DAPT [39] (Figures 5A and 5B). Inhibiting 
y-secretase activity in normal fibroblasts (GM2069) had no 
effect on the levels of intracellular APP or secreted sAPPa 
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Figure 5 Copper deficiency increases y-secretase cleavage of APP 

(A) Western-blot analysis demonstrating that DAPT treatment prevents y-secretase cleavage of de novo APP/APLP2 In normal f8>mblasts (GM2069). GM2069 fibroblasts were cu Itured for 1 6 h 
in fresh basal medium (Control) or medium supplemented with 2 pto DAPT (DAPT), 10 cyctohewmi(fe (CH) or both 2 yU DAPT and 10 iM cyctoheximitte (DAPT + CH). Unconditioned 
medium (No cells) was afso analysed. Lysates and medium were Western Moiled using 22C1 1 , APPCT and APLP2CT antibodies, with anti-0-actin antibody as a control. (B) Western-Wot analysis 
demonstrating that DAPT treatment prevents y-secretase cleavage of de novo APP/APLP2 in copper-deficient fibroblasts (A12-H9) was performed as in (A), but using the copper-deficient A12-H9 
cell line. C99 (solid arrow) and C83 (dotted arrow) are indicated on the left The percentage decrease in parenthesis refers to the change in copper level compared with the control cell lina (C) 
Western-blot analysis of DAFRaptured APP and APLP2 C-termtoal fragments in the indicated fibroblast lines. The fibroblast ceil lines were cultured tor 1 6 h in medium supplemented with 2 
DAPT and whole-cell lysates were Western Wotted using APPCT and APLPCT antibodies, with antf-£-actin antibody used as a control. The percentage increases and decreases in parenthesis refer 
to the change in copper levels compared with the control cell line. C99 (solid arrow) and C83 (dotted arrow) are indicated on the left. (D) Densitometric analysis of the level of DAPT-captured 063 
and C99 fragments in control (GM2069) and copper-deficient (A12-H9) fibroblasts. The experiment was repeated three times and the pixel intensity of the immunoiabelled C83/C99 bands (deteced 
by anti-APPCT antibody) were evaluated and normalized against /S-actin controls. The level of C83 is expressed as a percentage compared with the control cell line (GM2069), whereas the level of 
C99 is expressed as arbitrary units, as there was no C99 detection fn the control cell line (GM2069). Results were analysed using the Students t test (\ P = 0.031 ). All Western blots shown are 
representative of three independent experiments. Molecular-mass-markers am indicated on the left (in kDa). 



(Figure 5 A). However, DAPT treatment markedly increased the 
level of C83 (Figure 5A). These results demonstrated that DAPT 
treatment did not perturb the production and subsequent secretion 
of sAPPa (and by inference did not influence ar-secretase- 
mediated cleavage of APP), but only obstructed downstream y- 
secretase processing. This is consistent with previous observations 
[39,40]. Inhibiting y-secretase also increased the amount of 
APLP2 C-terrninal fragment (Figure 5A). To establish if DAPT 
prevented y-secretase-mediated cleavage of either de novo APP 
or existing intracellular APP molecules, cycloheximide was used 
in conjunction with DAPT treatment to prevent new protein 
synthesis (Figure 5A). Cycloheximide treatment alone markedly 
diminished the level of both intracellular APP and secreted 
sAPPor (Figure 5A) and reduced the amount of C-tenninal 
fragments captured by DAPT treatment (Figure 5 A), indicating 
that DAPT predominantly prevents y-secretase cleavage of de 
novo APR Taken together, these experiments demonstrate that 
DAPT treatment captures APP C-tenninal fragments without 
affecting APP transcription or translation. 



These experiments were repeated using the copper-deficient 
A12-K9 fibroblast line (Figure 5B). It is important to note 
that A12-H9 cells secrete only sAPP/3 (Figure 3) and therefore 
these cells are predicted to produce C99 and therefore more 
Af$. Inhibiting y-secretase (DAPT treatment) in the copper- 
depleted fibroblasts (A12-H9) had no effect on the levels of 
intracellular APP or secreted s AFP/J (Figure 5B). DAPT treatment 
also had no effect on the intracellular level of full-length APLP2 
(Figure 5B). However, DAPT treatment captured two C-terminal 
fragments (Figure 5B): a predominant fragment corresponding 
to C83 (y 10 kDa) and a faint larger fragment corresponding to 
C99 (^12 kDa). Therefore despite copper-depleted fibroblasts 
(A12-H9) secreting only sAPP0 (Figure 3), this did not result 
in the production of only C99. In fact, the majority of the C- 
terminal fragments produced by A12-H9 cells were still C83, 
with C99 molecules being an increased product (Figure 5B). 
The activities of a- and /J-secretase are therefore not mutually 
exclusive, and in copper-depleted fibroblasts each APP molecule 
was processed by both secretases producing sAPP0 and C83. 
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Furthermore, the predicted sAPPor product was not detectable 
in the medium and therefore must be either relatively low in 
abundance or rapidly degraded. In addition, y-secretase inhibition 
captured APLP2 C-terminal fragments (Figure 5B). A12-H9 cells, 
when left untreated, exhibited only full-length APLP2 and no C- 
terminal cleavage product below 15 kDa (Figures 3C and 3D). 
Therefore APLP2 is still processed in copper-deficient A12-H9 
fibroblasts, although possibly more slowly, leading to an increase 
in full-length APLP2. 

To determine if the level of APP C-cerminal fragments) 
produced in the copper-deficient A12-H9 cells is comparable 
with that produced by the other fibroblast cell lines, each 
cell line was treated with DAPT and their level of APP C- 
termini captured directly compared (Figures 5C and 5D). Copper- 
deficient fibroblasts (A12-H9) treated with DAPT produced as 
much or more C83 and C99 compared with the other cell lines 
(GM2069, Me32a and WND16). This was surprising since, in 
contrast to the other cell lines, A12-H9 fibroblasts did not exhibit 
any APP C-terrninal fragments (C83 or C99) under non-DAPT 
conditions (Figures 3C and 3D). In other words, A12-H9 cells 
produce more C-terminal APP fragments (C83 and C99), but they 
can only be detected when cells are treated with the y-secretase 
inhibitor DAPT (Figures 5B-5D). Therefore the processing 
of the C-terminus by y-secretase must be markedly increased in 
the copper-depleted A12-H9 fibroblasts compared with fibroblast 
cell lines with normal or elevated copper. Western-blot analysis 
revealed that presenilin-1 expression level was not increased in 
copper-deficient A12-H9 cells (results not shown). 

As shown with DAPT treatment, a small percentage of the 
C-terminal fragments generated by A12-H9 cells were amyloid- 
harbouring C99 fragments (Figures 5B and 5Q. We hypothesized 
that when A12-H9 cells are not treated with DAPT, these 
C99 fragments would be cleaved by y-secretase, liberating 
the Afi peptide, and therefore the copper-deficient fibroblasts 
(A12-H9) should exhibit increased production of Afi. The Afi 
secreted endogenously by A12-H9 cells was below detection 
limits (results not shown). Therefore we overexpressed wtAPP695 
in normal (GM2069) and copper-deficient (A12-H9) fibroblasts 
to test whether copper deficiency caused an increase in the 
production of Afi (Figure 6A). In normal fibroblasts (GM2069), 
wtAPP695 overexpression resulted in the abundant secretion of 
sAPPa, which was detected by W02 (Figure 6A). Unlike non- 
transfected cells that exclusively secreted sAPP/J (Figure 3), 
A12-H9 fibroblasts overexpressing wtAPP695 secreted abundant 
sAPPa (Figure 6A). This suggests that wtAPP695 expression 
exceeded the capacity of the A12-H9 fibroblasts to process 
APP via the 0-cleavage pathway (sAPP£) (Figures 3A and 3B) 
and, as a consequence, much of the APP was processed by 
a-secretase (Figure 6A). Nevertheless, overexpression of APP 
permitted sufficient production of Afi for it to be detected by 
W02 (Figure 6A) and 6E10 (Figure 6B) antibodies. When 
transfected with wtAPP695 t the copper-deficient fibroblasts 
(A12-H9) clearly generated more Afi than normal fibroblasts 
(GM2069) (Figures 6A and 6B). The level of wtAPP695 
expressed in both fibroblast cell lines was equivalent, indicating 
that a difference in expression level was not responsible for 
the elevated Afi production seen in copper-deficient fibroblasts. 
Therefore copper depletion caused by ATP7A overexpression 
increases fi- and y-secretase activities in human fibroblasts. 

Copper depletion in human neuronal cells increases Afi secretion 

To ascertain if the level of intracellular copper influences 
APP metabolism in neuronal cells, we investigated a human 
SY5Y neuroblastoma line overexpressing wtAPP695 (SY5Y- 




Rgure 6 Copper deficiency in fibroblasts increases the generation of A/? 

(A) Westem-blot analysis of normal (GM2069) and copper-deficient (A12rH9) fibroblasts 
transfected with wtAPP695, with bansfection with vector only as a control Unconditioned 
medium was also analysed as a control. Whole-cell lysates and medium were Western blotted 
using 22C11 and W02 antibodies, with arm-0-actin antibody as a control. The percentage 
decrease in parenthesis refers to the change in copper level compared with the control cell 
line. (B) Westem-blot analysis confirming A£ secretion from coppenJelicient fibroblasts 
overexpressing wtAPP695. GM2069 fibroblasts were used as a control cell line. Synthetic 
A£1-40 and A/31-42 standards (100 pg) were run concurrently with whole-ceil lysate and 
medium samples. Samples were Western blotted using 22C1 1 , W02 and 6E10 antibodies, with 
anti-£-actin antibody used as a control. All Western blots shown are representative of three 
independent experiments. Mol ecu laHrass- markers are indicated on the left (in kDa). 



wtAPP695). We found that we were unable to transfect these 
cells with ATP7A; therefore, in order to deplete these cells of 
copper they were cultured in medium supplemented with BCS 
(200 fiM) and D-penicillamine (200 fiM), which chelate Cu 1+ 
and Cu 2+ respectively. This approach reduced intracellular copper 
by ~27% (Figure 7 A). Alternatively, to elevate the level of 
intracellular copper, the culture medium was supplemented with 
200 fiM Cud 2 . This relatively high concentration of CuG 2 was 
necessary to counteract the inherent copper-sequestering nature 
of serum [20% (v/v) PCS] and increased intracellular copper 
by *~600% (Figure 7A). The copper-modulating treatments 
had no significant effect on the level of intracellular zinc, but 
treatment with copper chelators elevated intracellular iron levels 
by ^ 29 % (Figure 7 A), which is consistent with the inhibition of 
ceruloplasmin activity [41]. 
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Figure 7 Copper deficiency increases kfi secretion from human neuronal cells 

(A) Copper, zinc anil Iron content of SY5YwtAPF695 cells was measured using inrMwe-coupled plasma MS. The neuronal cells were cultured in basal medium (Control), medium supplemented with 
either 200 mM BCS and D-peniclDamine (BCS + PEN), or with 200 CuCI 2 . Results are normalized means ± S.D. (n = 3) and are shown as 09 of metal per 1 x 10* cells. Results were analysed 
using the Studenft f test (\ P = 0.039; ? = 0.018). (B) Western-blot analysis demonstrating that copper supplementation or chelation does not directly affect the detection of secreted A0. 
Conditioned medium from SY5YwtAPP685 cells was Western blotted using the 6E10 antibody. Ntolecubr-mass-marters are indicated on the left (in kDa). (C) Western-blot anarysis demonstrating 
that copper deficiency increases the level of secreted from human neuronal cells. SY5YwtAPP695 cells were cultured in basal mecjura (Control), 200 iM BCS and ^penicillamine (BCS/PEN), 
100 iM CuCI 2 or 200 fiM CuCfe. Whole-tell lysates and medium were Western Wotted using 22C11. W02 and 6E10 antibodies, with antM-actin anrJbocy as a control. Unconditioned medium 
(no ceils) and synthetic A01-4O standard were also analysed. Motecular-mass^narkers are indicated on the left (in kDa). (D) Western-blot analysis demonstrating that modulating medium copper 
levels does not alter APP processing in human neurons. SY5YwtAPP695 cells were cultured in 200 //M BCS and o-penitillamine (BCS/PEN) or 200 fM OA after treatment with 2 ptM DAPT. 
Anti-^-actin antibody was used as a control. Molewlar-mass-marters are indicated on the left (in kDa). (E) Copper deficiency significantly increases the level of A0 secreted from human neuronal 
ceils as determined by densitometry. The experiment shown in (C) was repeated three times and the pixel intensity of the immunotabelled A0 bands were evaluated and normalized against 0-actin 
controls. Results are me level of secreted A^asa percentage compared with the control sample. Results were analysed by the Studenft t test (*. P = 0.028). (F) EUSA-based quantification confirmed 
that copper deficiency increases the level of A/J secreted from human SY5YwtAPP695 neuronal cells The concentration of A£1-40 secreted into the medium from SY5YwtAPP695 cells cultured in 
200 fiU BCS and D-penfciHamine (BCS/PEN), 100 iM CuCfe or 200 /*M CuCl 2 was measured by EUSA. Background kp measurements in non-conditioned medium were also made (No cells). 
Results are normalized means ± S.D. {n = 3) and were analysed using the Students t test P= 0.006). 
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Copper promotes Afi cross-linking, whereas metal chelators 
have been shown to dissolve Afi aggregates both in vitro and in 
vivo [5,9]. Therefore it was possible that copper supplementation 
or chelation could cause secreted Afi to oligomerize or dissolve 
into monomers respectively. To determine if this was the case, 
medium conditioned by S Y5 YwtAPP695 cells was divided evenly 
and incubated in equal volumes with either the chelators (BCS and 
^penicillamine), PBS (control) or 200 fiM Cud 2 (Figure 7B). 
An equivalent level of Afi was observed in all three conditions, 
indicating that these treatments do not directly affect the detection 
of monomelic Afi in this time frame. This is probably because of 
agents in the medium that scavenge H 2 0 2 generated by Afi 
[8,12]. Therefore modulation of copper in our experiments does 
not alter the amount of monomeric A/* detected in the cell-free 
medium. 

We next investigated the impact of copper deficiency and 
copper accumulation on the production and secretion of Afi 
from neuronal cells (Figure 7C). Modulating intracellular copper 
in SY5Y cells transfected with wtAPP695 had no observable 
effect on the steady-state level of intracellular APP or on the 
level of sAPP secretion, as shown by detection with 22C1 1 and 
W02 antibodies (Figure 7C). Nevertheless, copper deficiency 
did noticeably increase the level of secreted Afi in comparison 
with the other conditions tested. This was established by Western 
blotting with both W02 and 6E10 antibodies (Figure 7Q. These 
results demonstrate that, as with fibroblasts, copper deficiency 
increases neuronal Afi secretion. 

To (tetermine if modulating intracellular copper had an impact 
on the processing of APP, the SY5Y wtAPP695 cells were treated 
with either 200 jiM CuCl 2 or copper-chelafing agents (BCS and 
I>penicillarriine) and then with the y-secretase inhibitor DAFT 
to capture the C-terrninal fragments (Figure 7D). Western-blot 
analysis demonstrated that there is no difference in the amount 
of C83 or C99 produced by the cells under any of the copper 
conditions tested (Figure 7D). Incubating the neuronal cells in 
medium containing the copper chelators for 5 or 7 days and/or 
inducing differentiation by culturing with 20 fiM retinoic acid had 
no effect on C83/C99 production (results not shown). We tested 
whether this lack of response to copper modulation may have been 
the result of overexpression of APP by assaying untransfected 
parental SY5Y cells for C-terminal fragments. Neither CuCl 2 
nor copper chelation affected the levels of the APP C-terminal 
fragments in non-transfected SY5Y cells (results not shown). 
These results suggest that modulating copper has no effect on 
APP processing in neuronal SY5Y cells, but does increase the 
level of Afi secreted. Li order for this to occur, there is most 
likely some variation in the degradation of Afi, with copper 
deficiency decreasing Afi breakdown as reported previously 
[36]. 

Densitometry was used to measure and compare the levels 
of Afi secreted by the SY5YwtAPP695 cells under each 
copper condition (based on detection with the 6E10 antibody) 
(Figure 7E). Copper deficiency resulted in ^30% more Afi 
in the SY5YwtAPP695 conditioned medium, whereas elevated 
intracellular copper had no significant effect (Figure IE). To 
confirm this observation and to determine which Afi species 
is being secreted, the levels of both A£(l-40) and Afi(l~A2) 
in the medium were further quantified by ELISA (Figure IF) 
[36,37]. Verifying the densitometry results, ELISA quantification 
demonstrated that copper deficiency caused SY5YwtAPP695 
cells to secrete an elevated concentration of A0(1-4O) (~36% 
increase) (Figure 7F). The level of A0(l-42) in the conditioned 
medium was below detection limits. These results demonstrate 
that copper deficiency in neuronal SY5Y cells increases A/5(l- 
40) secretion. 



DISCUSSION 

In the AD brain, copper is sequestered in senile plaques by direct 
co-ordination to Afi peptides [5-8], but there is a net decrease 
in tissue copper levels in neocortical tissue [26-28], reflected 
by diminished activities of copper-dependent enzymes such as 
cytochrome c oxidase [42-44] and SOD1 (superoxide dismutase 
1) [45,46]. Therefore copper collects outside of the cortical 
cells, which are themselves copper deficient. We found that 
copper deficiency increased the level of Afi secretion from both 
human fibroblast and neuroblastoma cells. These observations 
have implications for AD progression, as elevated Afi production 
and subsequent aggregation (plaque formation) could further 
perpetuate localized neural copper deficiency by seizing available 
copper: This in turn, according to our results, could increase Afi 
secretion and generate a vicious cycle. 

In fibroblasts, an elevation in intracellular copper levels 
increased the production and subsequent secretion of or-cleaved 
APP (sAPPor), whereas copper-deficient cells secreted increased 
^-cleaved APP (sAPPfi) (Figures 3A and 3B). These results 
are consistent with previous observations using CHO (Chinese- 
hamster ovary) cells, where excess copper increased the secretion 
of APP ectodomain and correspondingly reduced the level of Afi 
production [20]. We have confirmed the previous findings of 
Bellingham et al. [1 9], who showed that sAPPor cannot be detected 
by Western blot in the copper-deficient A12-H9 cells (Figure 3A). 
However, we have extended these findings by showing that these 
fibroblasts actually secrete sAPP0 instead (Figures 3A and 3B). 
Since these cells still produce some C83 (Figures 5B and 5Q, 
it is possible that sAPPor is rapidly cleaved or cleared under 
these conditions, making it undetectable. Indeed, sAPPa could 
be detected when A12-H9 cells were transfected with APP 
(Figures 6A and 6B). This demonstrates that APP molecules can 
be cleaved by both or- and 0-secretase pathways concurrently 
and therefore the two activities are not mutually exclusive as 
previously considered [47,48]. Importantly, the level of sAPP£ 
production does not therefore directly correlate with the level of 
Afi production. 

Our results also demonstrate that copper deficiency in 
fibroblasts increases the cleavage of APP C-terminal fragments 
by y-secretase. APP C-terminal fragments were undetectable 
in copper-depleted A12-H9 fibroblasts, but were abundant in 
the other fibroblast cell lines (Figures 3C and 3D). However, 
inhibition of y-secretase (with DAPT) revealed that A12-H9 
fibroblasts actually produced an elevated level of C83 (Figure 5A). 
Therefore the C-tenninus of APP must be processed more rapidly 
under conditions of copper deficiency. Our results show that 
copper deficiency may also increase the activity of BACE1 (0-site 
amyloid precursor protein-cleaving enzyme 1). The intracellular 
signalling mechanisms involved are not yet clear, but a Cu I+ 
binding site has been identified on the cytoplasmic C-tenninus 
of BACE1 [49], which mediates an interaction with the copper 
chaperone for SOD1 . This raised the hypothesis that copper levels 
can influence BACE1 activity or trafficking. 

Another important observation is the differential modulation 
of APP and APLP2 processing by copper. Both APP 
and APLP2 mRNA levels dropped markedly under copper- 
deficient conditions (Figure 4), consistent with copper-dependent 
transcriptional regulation for both genes. Nonetheless, rapid 
translation of both proteins was still evident when y-secretase 
processing was inhibited (Figure 5Q. Despite both proteins being 
cleaved by BACE1 and y-secretase [50,51], our current results 
show that under copper-deficient conditions, APP processing 
shifts from a-cleavage to ^-cleavage, whereas APLP2 proces- 
sing is generally attenuated and consequently there is more 
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steady-stale full-length protein (Figures 3A, 3C and 3D), There 
may also be an increase in /? -cleavage fragments of APLP2 
(Figure 5Q. The purpose of this differential processing of APP 
compared with APLP2 under copper-deficient conditions is not 
clear, but it is interesting to note that a recent report described a 
significant decrease in the ratio of cerebrospinal fluid sAPPa to 
soluble APLP2 in mild cognitive impairment and AD [52]. This 
finding is consistent with the effect of cellular copper deficiency 
that we have observed in vitro. Furthermore, with APP and 
APLP2 both contributing to [16] and being affected by copper 
homeostasis, it will be interesting to explore the contribution 
of both proteins and their processing to the pathophysiology of 
Menkes and Wilson diseases. 

Contrary to results obtained using fibroblasts, changes in APP 
processing were not observed in copper-deficient neuroblastoma 
cells (Figures 7C and7D). There are several possible explanations 
for this difference. The processing of APP may be cell-type 
dependent or depend on which spliced variant of APP is 
predominantly expressed (as APP770 is the prevalent form 
in fibroblasts; Figure 4). The lowering of intracellular copper 
by chelation in the neuroblastoma cells (~27% decrease) 
may have been insufficient to match the response seen in the 
more profoundly copper-deficient fibroblasts (>65 % decrease). 
Lowering intracellular copper levels in fibroblasts by chelation 
also had no observable effect on APP processing (results not 
shown). Again, the decrease in copper that could be achieved in 
fibroblasts by chelation was only ~20% (results not shown). 
Finally, there may be a specific requirement for the copper 
deficiency to be induced by ATP7A. Despite the level of 
intracellular copper in neuroblastoma cells having no obvious 
effect on secretase cleavage of APP (Figures 7C and 7D), copper 
deficiency did raise the level of Ap secretion by at least 30% 
(Figures 7E and IF). This response was also observed using 
human M17 neuroblastoma cells transfected with wtAPP695 
(results not shown). These results suggest that, in neuroblastoma 
cells, copper deficiency down-regulates the degradation of Ap 
and subsequently the concentration of secreted A/3 increases. 

Ap can be degraded in vitro and in vivo by numerous 
metalloproteinases including neprilysin, matrix-metalloproteases 
and insulin-degrading enzyme (reviewed in [1]). Recently, White 
et aL [36] demonstrated using CHO cells that clioquinol liganded 
to Cu 2 * selectively up-regulated matrix-metalloprotease activity 
and consequently increased the degradation of A/3 by elevating 
intracellular copper (clioquinol alone had no effect). However, 
these authors found that increasing copper alone (CuG 2 without 
clioquinol) in the medium induced a 35% increase in A0(1- 
40) secretion [36]. These results appear to conflict with results 
obtained by Borchardt et al. [20] using the same cell type 
(CHO), and also with our results using human neuroblastoma 
cells (Figure 7). This inconsistency might be explained by the 
presence of a serum factor or a copper carrier (such as clioquinol) 
modifying the behaviour of copper. Indeed, results from White 
et al. [36] indicate that clioquinol-liganding of Cu 24 " induced 
opposite effects (decreased A /J) in cell culture compared with 
the effects of free Cu 2+ (increased Afi). In serum, copper will 
complex to several ligands including or-fetoprotein (fetal albumin) 
and amino acids. The copper studies conducted by White et al. 
[36] were carried out in serum-free conditions unlike Borchardt 
et aL [20] or our present study. Nevertheless, results obtained in 
APP transgenic mice on the effect of elevated brain copper on 
Ap levels in vivo support the conclusion that elevated cellular 
copper decreases Aft levels [18,25]. TgCRND8 AD model mice 
(expressing human APP containing both Swedish and Indiana 
mutations) crossed with the toxic milk (txj) mouse, a model 
for Wilson disease that accumulates copper in the brain and 



liver, have reduced Ap plaques and diminished plasma Ap levels 
[18]. Similarly, APP23 AD model mice (expressing human APP 
containing the Swedish mutation) on three months of dietary 
copper supplementation had significantly reduced Ap production 
[25]. Notably, Tg2576 mice (expressing APP containing the 
Swedish mutation) treated with clioquinol have reduced brain 
A/3 burden, but levels of brain copper rise with this treatment 
[9]. In contrast, the addition of copper to the drinking water of 
cholesterol-fedrabbits induced immunoreactive Ap accumulation 
in the neocortex and neurological impairment [53]. A/3-copper 
complexes recruit cholesterol to generate neurotoxic chemical 
species [54], so under particular circumstances, such as in a 
high-cholesterol environment, a reaction of Ap with copper ions 
may foster neurotoxicity and pathology. We have recently found 
that A/3 and copper are enriched in the cholesterol-rich lipid raft 
compartment of neuronal cells even under conditions of copper 
deficiency (Y. Hung and AX Bush, unpublished work). This may 
explain the mechanism leading to the co-mingling of copper and 
Ap in copper-deficient tissue. 

In summary, our results are consistent with brain copper 
deficiency elevating A/3 concentrations. Therefore the ionophoric 
properties of molecules like clioquinol that can redistribute copper 
from AP aggregates to neighbouring copper-deficient cells may 
be essential to their potential therapeutic benefit 
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Biometals play an important role in- Alzheimer disease, and 
recent reports have described the development of potential thera- 
peutic agents based on modulation of metal bioavailability. The 
metal ligand ciioquinol (CQ) has shown promising results in animal 
models and small phase clinical trials; however, the actual mode of 
action in vivo has not been determined. We now report a novel 
effect of CQon amyloid /3-peptide (A/3) metabolism in cell culture. 
Treatment of Chinese hamster ovary cells overexpressing amyloid 
precursor protein with CQ and Cu 2+ or Zn 2+ resulted in an —85- 
90% reduction of secreted A0-(1-4O) and A0-(l-42) compared 
with untreated controls. Analogous effects were seen in amyloid 
precursor protein-overexpressing neuroblastoma cells. The 
secreted A/3 was rapidly degraded through up-regulation of matrix 
metalloprotease (MMP)-2 and MMP-3 after addition of CQ and 
Cu 2+ . MMP activity was increased through activation of phosphoi- 
nositol 3-kinase and JNIC CQ and Cu 2+ also promoted phosphoryl- 
ation of glycogen synthase kinase-3, and this potentiated activation 
of JNK and loss of A/3-(l~40). Our findings identify an alternative 
mechanism of action for CQ i n the reduction of A/5 deposition in the 
brains of CQ-treated animals and potentially in Alzheimer disease 
patients. 



Alzheimer disease (AD) 4 is characterized by progressive neuronal 
dysfunction, reactive gliosis, and the formation of amyloid plaques in 
the brain. The major constituent of AD plaques is the amyloid /3-peptide 
(A/3), which is cleaved from the membrane-bound amyloid precursor 
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protein (APP) (i). Aggregated or oligomeric A3 can induce neurotox- 
icity through pathways involving free radical production and increased 
neuronal oxidative stress (2). Among the factors capable of promoting 
Aj3 aggregation in vivo, recent evidence supports a central role for bio- 
metals such as Cu 2+ and Zn 2 "*" in this process (3). 

An important factor in controlling A/8 accumulation in AD patients is 
the activity of A/3-degracUng enzymes. Recent studies have identified 
several candidate proteases that may contribute to catabolism of A/3 in 
the brain. Neprilysin, insulin-degrading enzyme, angiotensin -convert- 
ing enzyme, and matrix metalloproteases (MMPs) have all demon- 
strated A/3-degrading activity in vitro and/or in vivo (4-6). Reduced 
activity of these or other A£-degrading proteases with age may play a 
role in promoting accumulation and deposition of A/3 in AD patients. 
Development of strategies to enhance clearance of A/3 may lead to novel 
therapeutic treatments for AD patients. 

Promoting A/3 clearance may be achieved through modulating metal 
sequestration or metal-protein interactions. 5-Chioro-7-iodo-8-hy- 
droxyquinoline or ciioquinol (CQ), a disused antibiotic, has received 
considerable attention as a potential metal ligand in AD and Parkinson 
disease patients (7-9). Prdiminary studies revealed that CQ rapidly and 
potently dissolved aggregates of synthetic or AD brain-derived A/3 
in vitro (10). In subsequent animal studies, a 9-week oral treatment with 
CQ resulted in a 49% reduction of A/J levels and significantly increased 
Cu 2 * and Zn 2+ levels in brains of Tg2576 mice (10). Small clinical trials 
of CQ have demonstrated a significant slowing of cognitive decline 
together with a lowering of plasma A/3-(l-42) levels in a subset of AD 
patients compared with matched placebo controls (8). 

The mechanism of action by CQ was suggested to be via metal 
sequestration, resulting in A/3 dissolution. However, CQ could also act 
by alternative pathways involving modulation of cellular biometal 
metabolism, APP expression, or AJ3 processing (1 1). To investigate this, 
Chinese hamster ovary (CHO) cells overexpressing APP were treated 
with CQ in the presence or absence of physiological levels of biometals. 
When CQ was added to cells in the presence of Cu 2+ or Zn 2+ , the 
secreted levels of A/3-(l-40) and A/3-(l-42) were dramatically 
reduced Analogous effects were seen in N2a neuroblastoma cells. Sub- 
sequent investigation revealed that this effect was associated with 
uptake of Cu 2+ and Zn 2+ and loss of A|3 through increased MMP- 
mediated degradation. These findings identify a novel mechanism for 
the therapeutic efficacy of CQ in which CQCu 2 * or CQ-Zn 2 ^ com- 
plexes promote A0 degradation. 

EXPERIMENTAL PROCEDURES 

Materials— CQ, bacitracin, puromycin, Me 2 SO, ascorbate, LY-294, 
002, wortmannin, bathophenanthroline disulfonate (BPS), c/s-diam- 
minedichloroplatinum (cisplatin), Lid, SP600125, staurosporine, thior- 
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phan, and PD 98,059 were purchased from Sigma (Sydney, Australia). 
SB 203580, bestatin. GM 6001, phosphoramidon, glycogen synthase 
kinase (GSK) Inhibitor IX, MMP Inhibitor I (broad-spectrum MMP 
inhibitor), MMP-2 Inhibitor I MMP-3 Inhibitor I, MMP-9 Inhibitor I 
Mn(Uf) tetrakis(l-methyl-4-pyrtdyi)porphyrin pentachloride (MnT- 
MPyP), and serine/cysteine protease inhibitor mixture (EDTA-free) 
were obtained from Merck Biosciences (Victoria, Australia). Anti-APP 
antibody 22C11 was obtained from Chemicon international, Inc. 
(Temecula, CA). Antibody 369 (APP-(656 - 695) epitope) was a kind gift 
from Dr. Sam Gandy (Thomas Jefferson University, Philadelphia, PA). 
Antibodies to total or phospho-specifk forms of Akt, JNK, ERK1/2, 
p38, and GSK3 were obtained from Cell Signaling Technology, Inc. 
(Beverly, MA). 

Generation of APP-transfected CHO and N2a Neuroblastoma Cells— 
APP-CHO and APP-N2a neuroblastoma cells were generated by 
expressing the 695-amino acid APP cDNA in the pIRESpuro2 expres- 
sion vector (Clontech). Cells were transfected using Lipofectamine 2000 
and cultured in RPMI 1640 medium supplemented with 1 mM gluta- 
mine and 10% fetal bovine serum (all from Invitrogen, Mount Waverley, 
Victoria). Transfected cells were selected and maintained using IS 
/Ag/ml puromycin (Sigma). 

Exposure of Cells to CQ and Metals— APP-overexpressing ceils were 
passaged at a ratio of 1:6 and grown in 6- or 12-well plates for 2-3 days 
before experiments. CQ was prepared as a 10 mM stock solution in 
Me^SO and added to serum-free RPMI 1640 medium supplemented 
with puromycin as described above. Basal metal levels in the medium 
were 0.5, 1.3, and 2.1 ftM for Cu 2+ , Zn 2+ , and Fe 2 *, respectively, as 
determined by inductively coupled plasma mass spectrometry (ICP- 
MS). Additional metals were added (10 uM unless stated otherwise), and 
the medium was briefly mixed by aspiration prior to addition to cells. 
Control cultures were treated with vehicle (Me 2 SO) alone. Inhibitors of 
phosphoinositol 3-kinase (PI3K) (LY-294,002 and wortmannin), JNK 
(SP600125), MEK1/2 (PD 98,059), p38 (SB 203580), GSK3 (GSK Inhib- 
itor IX), and metalloproteases (GM 6001, phosphoramidon, thiorphan, 
bestatin, MMP-2 Inhibitor I, and MMP-9 Inhibitor I) were prepared as 
10 mM stock solutions in Me 2 SO and added at the indicated concentra- 
tions. Ascorbate, MnTMPyP, bacitracin, BPS, Lid, and MMP-3 Inhib- 
itor I were prepared as 10 mM solutions in distilled H 2 0. Serine/cysteine 
protease inhibitor mixture (EDTA-free) was prepared as a 10 X solution 
in distilled HjO. Where stated, vector only-transfected or wild-type 
(non-APP-overexpressing) cells were exposed to synthetic human 
Aj3-(1- 40) with or without CQ, metals, and inhibitors (see below). Cul- 
tures were incubated for up to 6 h, and conditioned media were taken 
for measurement of Aj3 levels by enzyme-linked immunosorbent assay 
(ELISA). Cell viability was determined by lactate dehydrogenase release 
following kit instructions (Promega Corp., Annandale, New South 
Wales, Australia). For immunoblotting, cells were harvested into Phos- 
phoSafe extraction butter (Novagen) containing Protease Inhibitor 
Cocktail III (Calbiochem) and stored at -80 "C until used Alternatively, 
cells were washed three times with phosphate- buffered saline (PBS) and 
harvested for analysis of metal levels by 1CP-MS. 

ICP-MS— Cells were treated with CQ and/or metals for 6 h unless 
stated otherwise and washed three times with Chelex 100- treated PBS 
(pH 7.4). Cells were scraped into PBS; an aliquot was taken for protein 
determination (protein microassay, Bio-Rad); and the remaining cells 
were collected by centrifugation at 14,000 rpm for 2 min in a Hermle 
microcentrifuge (Labnet International, Inc., Edison, NJ). Metal levels 
were determined in cell pellets by ICP-MS as described previously (12) 
and converted to ng of metai/mg of protein. 



Degradation of Synthetic A&-(l-40)— Human A0-Q-4O) was pur- 
chased from the W. M Keck Laboratory (Yale University, New Haven, CT) 
and dissolved in Me 2 SO at 1 mg/ml. The dissolved peptide was further 
diluted into Chelex 100- treated distilled H 2 0 at 100 ng/ml before addition 
to vector only-transfected CHO cell cultures in serum-free medium at 10 
ng/ml without aging. In separate experiments, A0-(1-4O) was also added 
to K2a mouse neuroblastoma, SH-SY5Y human neuroblastoma, or HeLa 
human epithelial cells in serum-free Opri-MEM I (Invitrogen). After 6 h 
(with or without addition of inhibitors and 10 jim each CQ, Cu 2 "*", or CQ 
and Cu 2+ ), the medium was collected, and the remaining A£-(l- 40) levels 
were determined by ELISA 

Double Antibody Capture EUSA for Aft Detection— K$ levels were 
determined in culture medium using the DELFIA® double capture 
ELISA (PerkinElmer Life Sciences, Melbourne, Australia). 384-Weil 
plates (Greiner Bio-One GmbH, Frickenhausen, Germany) were coated 
with monoclonal antibody G210 in 15 mM NaXC^ and 35 mM NTaHC0 3 
(pH 9.6) for A£-(l- 40) detection. Plates were washed with PBS containing q 
0.05% Tween and blocked with 05% (w/v) casein. Biotinylated monoclonal § 
antibody W02 (A0-(5- 8) epitope) and the culture medium or A£ stand- o 
ards were added (50 ul) to each well and incubated overnight at 4 *C. Plates g- 
were washed with PBS containing 0.05% Tween, a nd srreptavid in-labeled 2; 
europium (PerkinHmer Life Sciences) was added The plates were washed; g 
enhancement solution (PerkinElmer Life Sciences) was added; and the g 
plates were read in a Wallac VICTOR 2 plate reader with excitation at 340 I 
nM and emission at 613 dm. A0-(1- 40) and A/3-(l- 42) standards and sam- g* 
pies were assayed in triplicate. The values obtained from the triplicate wells 
were used to calculate the A/3 concentration (expressed as ng/ml) based on » 
the standard curve generated on each plate. We observed a good correla- £ 
tion between ELISA results and Western blot analysis of A/3 levels in § 
CQ-Cu^-treated cultures. As the EUSA offered quantitative data on A/3 ~ 
levels, we chose this as the preferred method for assessing changes to o 
secreted A0 levels. S 

Western Blot Analysis of Protein Expression and Phosphorylation— cr 
Cell rysates prepared in PhosphoSafe extraction buffer were mixed with | 
SDS sample buffer (Novex) and separated on 12% Tris/glycine/SDS- 
polyacrylamide gels (Novex). Western blotting of A/3 in the conditioned £ 
medium was performed using 10-20% Tris/Tricine gels. Proteins were £ 
transferred to polyvinylidene difluoride membranes and blocked with o 
milk solution in Tris-buffered saline/Tween before immunoblotting for > 
total or phospho-speciflc proteins. Membranes were probed for 1 h with 
antiserum against A/3 (antibody W02), C-terminal APP (antibody 369), <o 
or full-length APP (antibody 22C11) at 1:2000 dilution and with horse- g 
radish peroxidase-conjugated rabbit anti-mouse or goat anti-rabbit sec- 5 
ondary antibody at 1:5000 dilution. For detection of signal transduction 
molecules, membranes were probed with polyclonal antiseram against 
actin. INK, phospho-JMK, p38, phospho-p38, ERK1/2, phospho- 
EKK1/2, Akt, phospho-Akt, GSK3/3, phospho-GSK3a/ft MMP-2, or 
MMP-6 at 15000 dilution. Horseradish peroxidase-conjugated goat 
anti-rabbit secondary antiserum was used at 1:10,000 dilution. Blots 
were developed by chemiluminescence (ECL Advance, Amersham Bio- 
sciences) and imaged on a GeneGnome chemiluminescence imager 
(Syngene, Cambridge, UK). We found that the expression of total levels 
of kinases (Akt, JNK, ERK, and p38) was unaffected by metal uptake in 
APP-CHO cells. In contrast, actin, tubulin, and other proteins normally 
used for equalizing protein loading were found to be altered depending 
on metal levels. 5 Therefore, equal sample loading and protein transfer 



5 A. a White, T. Du, K. M. Laughton, I. Volitakis, R. A. Sharpies, M. E Xifinas, D. E Hoke, 
R.M.D, HoJsinger. G Evin, R. A. Chemy, A. F. Hill, K. J. Bamhara Q.-X. LI A. L Bush, and 
C L Masters, unpublished data. 
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TABLE i 

Metal concentrations in APP-CHO cells treated with CQ and metals for 6 h 



Treatment 



Cu* 



Celiuinr metal levels {p value compared with vehicle control) 
2n» 



Fe*+ 



Vehicle 
CQ(IO^m) 
Cu^(I0/m) . 
Zn 2 * (10 fwt) 
ft'* (10 JIM) 
CQ-Cu 2+ (10/^i) 
CQ'Zn"(10MM) 
CQ-Fe* + {10 fiM) 



4.6 ± 0.1 
20 ±3 (0.01) 
24 ±1 
62: i 
4±2 
472 - 46 (0.005) 
29*2 
3±2 



ng/ ni £ pro rein 

182 ±8 
313^:39(0.0$) 
169 ± 10 
190 ±16 
108 ±7 
85 ±14 
1838 ±64 (0.001) 
269 ±27 



53 ±5 
25±1 
48±2 

16 ±7 

845 ±129 (00)01) 

17 ±2 
17 ±4 

889 ± 22 (0.001) 



FIGURE 1 . A, A0-O -40) levels in medium from CQ- 
treated APP-CHO cells. Cultures were exposed to 
CQ (10 pi) with or without 10 pM Cu 2 *, Zn** or 
Fe 2+ for 6 h, and A/H1-40) levels were deter- 
mined In culture medium by EUSA. Cu 3 * alone 
induced a small but significant increase (• p < 
0.01 ) in A£-(1 -40) secretion, whereas exposure to 
COClt 2 * orCQ-Zn 2 * slgnificandy reduced A/3-<1- 
40) levels (~, p < 0.0001). B, A0-O-42) levels in 
medium from CChtreated APP-CHO cells. Cultures 
were exposed to 10 pM CQ with or without 10 
jxm Cu 2+ as described for A. COCu 2 * induced a 
significant decrease In secreted A/J-O-42) lev- 
els (**, p < 0.0001). £rror bars represent S.E. C, 
Immunobloning of medium from CQ-Cu 2 "*- 
treated APP-CHO cells. Cultures were exposed 
to 10 tut CQKIu 2 * for 6 h, and the conditioned 
medium was analyzed by Western blotting 
using anti-A£ antiserum (antibody W02). AB 
levels were significantly lower in cultures 
treated wfth CQ-Cu 2+ compared with untreated 
controls. 




#* # # 
A* ^ <S»* 




CQ(10UM) - - + + 
Metal (10 JIM) - - Cu Cu 



were assessed by consistency of total kinase protein levels rather than 
unrelated protein levels on imraunoblots. 

Cell Adhesion Assay— Cell adhesion to collagen type IV was deter- 
mined using an InnoCyte ECM cell adhesion assay (collagen type IV; 
Merck Biosciences). Cells were treated with CQ, Cu 2 + , or CQ and Cu 2+ 
(with or without inhibitors) for 4 h before harvesting with a rubber 
policeman into the culture medium. Cells were dissociated by aspira- 
tion, replated onto collagen type IV, and cultured for an additional 2 h. 
The medium was discarded, and cells were washed briefly with two 
changes of PBS before addition of calcein acetoxymethyl ester for 1 h 
(37 'Q. Cell adhesion was determined by fluorescence spectrophotom- 
etry on a Wailac VICTOR 2 plate reader with excitation at 490 nM and 
emission at 535 nm. 

MMP Assays— The activity of MMPs in the conditioned medium and 
cell lysates was determined using an EnzoLyte MMP fluorometric assay 
kit (AnaSpec, Inc.. San Jose, CA). Briefly, the conditioned medium or 
cell lysates (freshly extracted without protease inhibitors) were incu- 
bated with MMP-specific peptide substrates following the kit instructions. 
The substrates used were QXL520-yAbu-Prc-Cha-Abu-5-methyl-'L-cys- 
teine-His- Ala-Dab(5-FAM)-Ala-Lys-HN 2 (where yAbu is y-aminobutyric 
acid, Cha is D-cydohexylalanine, Dab is Z^iaminobutyric acid, and 
5-FAM is S-caxtoxyfluorescein; broad-spectrum substrate), QXL520- 
Pro-I^-Ala-Uu-Trp-Ala-Arg-LysfS-FAMJ-NHj (MMP-1), 5-FAM-Pro- 
LeuAh-Nva-Dap(QXL520)-Ala-Arg-NH 2 (where Nva is norvaline and 
Dap is diammopropionic acid; MMP- 2), QXL520-Pro-Tyr-Ala-Tyr-Trp- 



Met-Arg-Lys(5-FAM)-NH2 (MMP-3). QXL520-Pro-I*u-GIy-Met-Trp- 
Ser-Arg-Lys(5-FAM)-NH 2 (MMP-2/9), and QXL520-Pro-Leu-Ala-Tyr- 
Trp-Ala-Arg-Lvs(5-FAM)-NH 2 (MMP-8). No MMP-9-specidc substrate 
was available. Cleavage of substrates by MMPs removed the quenching 
effect of QXL520 on 5-carboxyfluorescein, resulting in increased fluores- 
cence with excitation at 490 nM and emission at 535 nm. 

Statistical Analysis— All data described in graphical representations 
are means ± S.E unless stated from a minimum of three separate exper- 
iments. Results were analyzed using Student's two-tailed t test. 

RESULTS 

CQ Mediates Uptake qfCu 3 * and Zn 2 * but Not Fe 2 * in APP-CHO 
Cells— As CQ is a lipid-soluble metal ligand, we examined the effect of 
CQon metallevels in APP695-transfectedCHO cells (APP-CHO). Cul- 
tures were treated with CQ (10 jim) alone or in the presence of 10 jim 
Cu 24 ", Zn 2 "*, or Fe 2+ for 6 h, and cellular metal levels were assessed by 
ICP-MS. Basal Cu 2+ levels were 4.6 ±0.1 ng/mg of protein, and expo- 
sure to CQ alone increased this to 20 ± 3 ng/mg of protein (p < 0.01) 
(Table 1). Treatment with CQand Cu 2+ (CQ-Cu 2+ ) induced a dramatic 
103-fold increase in cellular Cu 2+ levels (472 ± 46 ng/mg of protein; p < 
0.005) (Table 1). CQ also increased cellular Zn 2+ levels from 182 ± 8 to 
1838 ± 64 ng/mg of protein {p < 0.001) (Table 1). Measurement of cell 
survival (lactate dehydrogenase release) revealed no significant effect on 
cell viability after 6 h of exposure to 10 um CQ and Cu 2+ or Zn 2+ . 
Treatment of cultures with Fe 2 * alone (10 /i.M) resulted in a 16-fold 
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FIGURE 2. A. A0-O-4O) levels in medium from 
APP-CHO celts exposed to increasing concentra- 
tions of CQ. Ceils were exposed to 0.1-50 fm CQ 
with or without 1 0 /am Cu 2 " for 6 h.A0-( 1-40) lev- 
els were determined in the culture medium by 
EUSA. AH concentrations of CQ-Cu 24 " tested 
[0.1 -SO (m) induced a significant loss of secreted 
A0-O-4O) compared with CQ alone (p < 0.001- 
0.0001). B, cellular Cu 2 * levels in APP-CHO ceOs 
exposed to Cu 2 "" and increasing concentrations of 
CQ. Cells were exposed to T 0 /xm Cu* + and 0,1-50 
/im CQ for 6 h. Cu 2 "*" levels were determined in eefi 
pellets by ICP-MS, revealing significantly increased 
cellular Cu 2+ levels at all concentrations of CQ 
(p < 0.001-0.0001). The Cu 2+ levels in vehicle- 
treated controls were equivalent to 1 -fold Cu 2 \ C 
A£-n-40) levels In medium from APP-CHO cells 
exposed to CQ and increasing concentrations of 
Cu 2 *. Cells were treated with 10 /uwCQ and 0.1-1 0 
/am Cu 2 " 4 " for 6 h. Cu 3 * atone induced a small 
increase in secreted A/3-0-40) levels, but 
CQCu 2 * induced a dose-dependent decrease in 
secreted A/3-0-40} levels (p < 0.01-OD001). D, 
A0-O-4O) levels in medium from APP-CHO cells 
exposed to CO-Cu 2 * for different time periods. 
Cells were treated with CQ<u 2+ {10 /av) as 
described above, and A/H1-40) levels were 
determined in the culture medium at time points 
up to 6 h after the start of treatment Exposure to 
CQ<u 2 * induced a time-dependent decrease in 
A0-O-4O) levels in the medium (p < 0.05- 
0.0001). £ cellular Cu 2 * levels in APP-CHO cells 
exposed to CQCu 2 * for different time periods. 
Cells were exposed to CQ-Cu 2 * (1 0 /xm), and cellu- 
lar Cu 2 * levels were determined by ICP-MS in pel- 
lets atdifferenttime points upto6 h afterthe start 
of treatment. CQ»Cu 2+ Induced a time-dependent 
increase In cellular Cu 2 * levels (p < 0.0S at 120 
mln and p < O001 at 360 min). Relatively little 
change in cellular Cu 2 "* levels was induced by CQ 
or Cu 2 * alone. The Cu 2 * levels in vehicle-treated 
controls were equivalent to 1-fold Cu 2 *. For all 
graphs, error bars represent S.E. f, APP levels In 
APP-CHO cells treated with CQ-Cu 2 *. Cells were 
treated with "10/iwCQ with or without 1 0 /am Cu 2 * 
for 6 h, and APP expression was determined by 
Western blotting in cell lysates and the condi- 
tioned medium. Equal protein loading was con- 
firmed by ImmunoblottinQ for total JNK (not 
shown). CQ alone or CQCu 2 * decreased cellular 
APP {cAPft expression and secreted APP (sAPP) 
levels in the conditioned medium. No change In 
APP 0-Oterminal fragment (0CTF) C99 was 
observed with any treatment, whereas CQ-Cu 2 * 
reduced expression of APP a-C- terminal fragment 
(ftOT) C83. Changes in APP expression did not 
correlate with secreted A0-O-4O) levels. 
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increase in cellular Fe 2_h levels. However, co-treatment with CQ (10 /tM) 
and Fe 2 * did not further alter cellular Fe 2 ^ levels. Aj-ialogous effects of 
CQ on cellular metal levels were also observed in vector onty-trans- 
fected CHO cells. CQ-Cu 2 + increased CHO cell Cu 2+ levels by 94.5 ± 
6-fbld compared with untreated controls. Treatment with CQZn 2+ 
elevated Zn 2+ levels by 10.5 ± 0.4-fdld. 

CQ and Or* or Zn 2 * Reduce Ap Levels in Vitro— We examined 
whether CQ affects Aj3 generation in APP-CHO cells. Treatment of 
APP-CHO cultures with 10 /xM CQ alone for 6 h induced no significant 
change to A$-(l-40) levels in the culture medium (Fig. IA). Interest- 
ingly, 10 jxm Cu 2+ alone for 6 h induced a 35% increase in A/Hl-40) 
levels (p < 0.01) (Fig. LA). 

When cultures were exposed to 10 u-M CQ and 10 /iM Cu 2+ , we 
observed a potent reduction (—85%) of secreted A/3-(l-40) levels 
(p < 0.0001) (Fig. L4). An analogous effect was observed upon treat- 
ment with CQ and 10 jxM Zn 2+ (Fig. L4). No significant changes 
were observed in Aj3-(l-40) levels when cells were treated with CQ 
plus Fe 2 " (Fig. L4). Potent inhibition of secreted Aj3-(l-42) levels 



also occurred with CQ'Cu 2+ -treated cells (Fig. IB). However, as 
A0-(l-42) levels in APP-CHO cells were near the detection limit of 
the ELISA, subsequent analysis of A/3 was restricted to Aj3-(l-40). 
The loss of secreted Aj3 upon treatment with CQ*Cu 2+ was con- 
firmed by immunoblot analysis of the conditioned medium (Fig. 1C) 
and surface-enhanced laser desorption ionization mass spectrome- 
try (data not shown). 

Inhibition ofAfl Can Be Induced by Low Concentrations of CQ and Cu 2 *' 
—To examine the potency of CQ in inhibiting secreted Aj8 levels, we 
treated cultures with 0.1-50 jam CQ with or without 10 /im Cu 2+ for 6 h. 
AfHl- 40) was significantly decreased at 01 and 1.0 fsM CQ plus Cu 2+ (Fig. 
2A). We also examined the effects of different concentrations of CQ on 
Cu 2+ uptake in APP-CHO cells. 0.1 jim CQ induced an increase of -25- 
fold in cellular Cu 2+ levels (Fig. 28). Increasing CQ concentrations resulted 
in further elevation of cellular Cu 2 "** levels, reaching 112-fold (at 50 /im) 
compared with control levels (Fig. 2B). The ability of low concentrations of 
CQ to increase cellular Cu 24 levels correlated with the potent reduction of 
secreted A0 levels by CQ-Cu 2 h (Fig. 2A). Although CQ has been reported 
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FIGURE 3. A, effects of CQ and metals on activation 
of MAPK pathways In APP-CHO cdls. CeOs were 
exposed to 1 0 uMCQwito or without IOumCu 2 *" 
or Zn 2+ for 6 h. Activation of MAPKs, including 
JNK, p38, and ERK1 /2,was determined by Western 
blotting of cell lysates. CQ alone had no effect on 
the activity of MAPKs. In the presence of Cu 2 " 4 " or 
Zn*"\ CQ induced activation of JNK, p38. and 
ERK1/2 (phospho-JNK, phospho-p38, and phos- 
pho-ERKl/2) B, JNK activation is associated with 
the loss of A0-O-4O) In APP-CHO cells treated 
with CQ-Cu 2 *. Cells were exposed to 10 pM 
CQCu 2 * for 6 h in the presence or absence of the 
JNK inhibitor SP600125 (5-50 /ua). Treatment of 
cells with CQ-Cu 2 * induced activation of JNK with 
concurrent loss of A/H1-40). Co-treatment of 
cells with SP600125 significantly inhibited both 
JNK activation and A^1-40) loss (\p < 0.001). 
The dividing line represents removal of unrelated 
lanes. C effect of the MEK1/2 inhibitor PO 98,059 
on ERK1/2 aaivhy and A0-(1-4O) levels m APP- 
CHO ceils treated with CGGr 1 *. Cells were 
treated with 1 0 um CO-Cu 2 * for 6 h with or with- 
out addition of PD 98,059 (5 /im). GHreatment 
with . PD 98,059 abrogated ERK1/2 activation 
Induced by CQ-Cu 24 " and significantly inhibited 
AJH1-40) toss [*, p < 0.001). D, the p38 Inhibitor 
SB 203580 has no effect on the loss of A0-O-4O) 
induced by CO/Co 2 * . APP-CHO cells were treated 
with 10 im CQCu 2 * as described above with or 
without SB 203580 (25 /i*)- SB 203580 prevented 
p38 activation by CO/Cu 2 *, but did not prevent 
A/3-0-40) loss induced by CO/Cu 2 *. SB 203580 
alone reduced AJ>(1-40) levels. E, staurosporine 
does not inhibit the loss of A0-O -40) induced by 
CQ-Cu 2 *. APP-CHO cells were treated with 10 /im 
CQOj 2 * for 6 h in the presence or absence of the 
broad-spectrum protein kinase inhibitor stauros- 
porine [StaurtK 0.1-10 ji*). Co-treatment with 
staurosporine did not prevent the loss of A£-<1- 
40) by CQCu 2 *. F, JNK activation and A0-(1-4O) 
toss by CQ-Cu 2 * are not abrogated by antioxi- 
dants. APP-CHO celis were exposed to 10 $m 
CQ-Cu 2 * for 6 h in the presence or absence of the 
free radical scavenger MnTMPyP (200 pM) or the 
antioxidant ascorbate (Asc 1 him). Co-treatment 
with MnTMPyP or ascorbate had no effect on JNK 
activation or A0-O-4O) loss. For all graphs, error 
ban represent SJ=. 
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to optimally bind Gr ^ at a ratio of 2:1 (13), our titration studies showed no 
significant differences in Cu 24 " uptake and inhibition of A/3 levels upon 
varying the CQ/Cu 2+ ratios. 

To determine the effects of Cu 2+ concentration on secreted A0 lev- 
els, cultures were exposed to 10 jim CQ with different concentrations of 
Cu 2 *. 0.1 fM added Cu 2+ significantly inhibited Aj3 levels (Fig. 2C). 
Higher concentrations of added Cu 2 * further decreased secreted A/3 
levels (Fig. 2C). We also examined the time course of A0 inhibition by 
CQ plus Cu 2+ (10 um each). We observed an initial decrease in A0 
levels from 30 to 60 rain after addition of CQ-Cu 2+ . A greater loss of A0 
was observed from 60 to 120 min after treatment (Fig. 2D). Examination 
of cellular metal levels revealed a 22-fold increase in Cu 2+ after a 10- min 
exposure to CQ-Cu 2 + (Fig. 2£). Cu 2+ levels increased further at each 
time point, reaching a maximum level of 103-fold at 360 min (Fig. 2£). 



Loss ofA& by CQCif* Does Not Correlate mth Cellular APP Levels— 
To further understand how CQ*Cu 2+ mediates A/3 loss, we determined 
whether there is a corresponding loss in APP expression. Exposure to 
CQ alone or to CQ*Cu 2+ reduced both APP expression and secretion 
(Fig. 2F). However, as shown in Fig. LA, only CQ-Cu 2 + inhibited 
secreted Afi levels. Interestingly, there was a reduction in the a-C- 
terminal 83-amino acid fragment of APP (C83) upon CQ-Cu 2+ treat- 
ment although no changes in APP 0-C-terminal 99-amino acid frag- 
ment (C99) expression were found (Fig. 2F). This was consistent with 
our observation that the activity of BACE1 (beta-site APP-cleaving 
enzyme l) in APP-CHO membrane preparations was unchanged after 
treatment with CQ*Cu 2+ . Likewise, analysis of COS-7 cells transfected 
with a C-terminal APP construct (APP C99) (14) revealed no effect on 
y-secretase cleavage of APP C99 by CQ-Cu 2 h , 5 These findings demon- 
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strate that the loss of secreted A/3 upon treatment with CQ-Cu 2 * is 
unlikely to result from altered APP processing. 

Loss of Secreted A/3 by CQCu 2 * Is Mediated through Activation of 
JNK and ERK— Met*} ligands can stimulate MAPK pathways (15, 16). 
To examine whether the effects of CQ-Cu 2+ on A/3 occur via these 
pathways, we treated cultures with CQ and Cu 2+ or Zn 2+ (10 puM each) 
and measured activation of INK p38, and ERKl/2 in cell lysates. CQ 
with Cu 2 "*" or Zn 2+ induced substantial activation of JNK and ERKl/2, 
with moderate activation of p38 (Fig. 14). 

We then examined whether activation of these MAPK pathways is 
involved in the inhibitory action of CQ and metals on secreted A]3 levels. 
The JNK inhibitor SP600125 resulted in significant inhibition of JNK 
phosphorylation (Fig. SB) and a significant elevation of A0-(1-4O) lev- 
els compared with CQ*Cu 2+ alone (p < 0.001) (Fig. 3B), The ERKl/2 
phosphorylation inhibitor PD 98,059 (5 /im) prevented ERK activation 
after exposure to CQ*Qr + (Fig. 3C) and significandy inhibited A0 loss 
(p < 0.001) (Fig. 3C). In contrast, the p38 inhibitor SB 203580 or the 
broad- spectrum protein kinase inhibitor staurosporine had no restora- 
tive effect on A/3 levels (Fig. 3, D and £). 

JNK can be activated in response to cell stresses such as generation 
of reactive oxygen species or through growth factor- mediated path- 
ways (17). Therefore, we examined whether JNK phosphorylation is 
mediated by generation of reactive oxygen species in the CQ-Cu 2+ - 
treated cultures. APP-CHO cells were exposed to CQ-Cu 2 * together 
with the reactive oxygen species scavenger MnTMPyP (200 /im) or 
the antioxidant ascorbate (I mM). Treatment with these antioxidants 
did not inhibit JNK phosphorylation or prevent A/3 loss in CQ-Cu 2+ - 
treated cultures (Fig. 3f). This is consistent with Zn 2 * inducing 
effects analogous to those of Cu 2+ , as Zn 2 * is a redox- inactive metal 
and should not directly stimulate reactive oxygen species generation. 
Therefore, the results strongly suggest that activation of JNK by 
CQ-Cu* + is not mediated through metal-induced oxidative stress. 

InJtibition of Ap by CQCu 2 * Requires Activation of the PI3K-Akt- 
GSK3 Patfzwtfv— Modulation of GSK3, a downstream target of PI3K 
and Akt activation, changes A£ production in APP-CHO cells (18). 
Therefore, we examined whether the PI3K-Akt-GSK3 pathway is asso- 
ciated with the loss of A^ production in CQ-Cu 2 *-treated cells. Treat- 
ment of cells with CQ and Cu 2+ (10 /xm each) for 6 h resulted in signif- 
icant activation of Akt (Fig. 4/1). Co-treatment of cultures with the 
specific P13K inhibitor LY-294,002 inhibited Akt phosphorylation 
induced by CQCu 2 "* and significantly abrogated the decrease in 
secreted A/3 levels (p < 0.000 1) (Fig. 4A). 

Treatment of cultures with 10 /xm CQ*Cu 2+ for 6 h increased the 
phosphorylated forms of GSK3a/A and this effect was blocked by 
LY-294,002 (Fig. 4A). There was also a small increase in total GSK30 
levels in CQ*Cu 2+ -treated cultures, which may partially account for the 
increased levels of phosphorylated GSK3. 

We then investigated whether P13K-Akt-GSK3 activation is upstream of 
MAPK activation. Treatment of cultures with 25 /im LY-294,002 (or 10 nM 
wortmannin; data not shown) inhibited phosphorylation of Akt as well as 
phosphorylation of both JNK and ERKl/2 (Fig. 42?). Conversely, treat- 
ment of cultures with inhibitors of JNK and ERKl/2 phosphorylation 
(SP600125 and PD 98,059 respectively) did not inhibit Akt phosphoryl- 
ation (data not shown). These data demonstrate that PI3K-Akt activa- 
tion is upstream of JNK and ERK activation. 

Activation of the PBK-Akt and JNK Pathways Alone Is Not Sufficient 
for Loss of Aft— As inhibitors of PI3K and JNK pathways blocked the loss 
of Ap by CQ'Cu 2 "*", we examined whether nonspecific up-regulation of 
these pathways also results in loss of A/3 in APP-CHO cells. Cultures 
exposed to 25-100 /iM Cu 2 * (without CQ) for 6 h revealed potent 




FIGURE 4. A, effect of PJ3K inhibition on the loss of A0K1-4O) induced by CQ-Cu 2 * . | 

APP-CHO cells were treated with 10 COCu j+ with or without the P13K inhibitor © 

LY-294,002 (25 alm) for 6 h. Akt and GSK3 phosphorylation was determined by Western ^ 

blotting of cell lysates, and A0-O-4O) levels were measured In the culture medium by > 
EUSA. Treatment of cultures with CQCu 2 "" Induced activation of Akt and phosphoryia- 

don of GSICW0. Co-treatment with LY-294,002 inhibited Akt and GSK3 phosphorylation > T 

and abrogated A0-O-4O) loss induced by CO/Cu a+ (*, P < 0.0001). B r effect of PI3K 3 

Inhibition on MAPK signaling in APP-CHO ceils treated with COCu 2+ . Cultures were > 

exposed to 1 0 aim COCu 2 * with or without 25 yJA LY-294,002 for 6 h. Co-treatment with ^ 
LY-294,002 prevented activation of Akt, JNK, and ERK. C, activation of the PI3K and MAPK 

pathways fs not sufficient alone for the loss of A/& APP-CHO cells were exposed to 25-100 5° 

aim Cu 2 "- or 200 aim dsplatin (Gs-Pf) for 6 h. 25-1 00 /am Cu 2+ induced activation of Akt, g 

and 50-100 /am Cu 2 * induced phosphorylation of GSK3 and JNK. However, Cu 2 + alone g 
did not induce A0 loss-asplatin (200 /am) did not activate the PBK pathway, but Induced 
phosphorylation of JNK. Gsplatin did not affect A/3 levels. A0 levels Induced by 10 aim 
CCrCu 2 * are shown for comparison. For all graphs, error bars represent S.E. 

activation of Akt, whereas 50 and 100 lim Cu 2+ also induced phospho- 
rylation of GSK3 and JNK (Hg. 4C). Moreover, cultures treated with the 
apoptotic agent cisplatin (200 /am) for 6 h revealed activation of JNK but 
not Akt (Fig. 4Q. However, neither of these treatments (Cu 2 * or cispla- 
tin) reduced secreted A/3 levels, demonstrating that the PI3K-Akt and 
JNK pathways are necessary, but insufficient alone, for lite loss of Aj3 in 
APP-CHO ceils. 

GSK3 Phosphorylation Promotes Activation of INK in Cultures Treated 
with CQ-Cu 2 *— Our data suggested that phosphorylation of GSK3 in 
CQ-Cu 2 "^-treated cells may modulate downstream JNK activation. To 
examine this, we treated cultures with CQ*Cu 2 * in the presence of UC1 
(an inducer of GSK3 phosphorylation). In the presence of CQ-Cu 2 *, 5 
mM LiCl increased phosphorylated GSK3 levels compared with 
CQ'Cu 2 * alone (Fig. 5-4). Lid had no effect on phospho-Akt levels, 
demonstrating that the effect was not mediated through increased P13K 



JUNE 30, 2006-VOLUME 281 'NUMBER 26 4jj$!$g& 



JOURNAL OF BIOLOGICAL CHEMISTRY 17675 



Clioquinol Induces Degradation of Amyloid ^-Peptide 



FIGURE 5. A effect of UG on GSK3 phosphoryla- 
tion in APP-CHO cells exposed to COCu 2 *. Celb 
were treated with 10 CQ-Cu 2 * with and with- 
out 5 m&i UC1 for 6 h. Phosphorylation of GSK3a/B 
was determined by Western blotting of ceil 
fysates. Lid alone induced a low level of GSK3 
phosphorylatioa but, together with CQ-Cu 2 *, 
greatly Increased G5K3 phosphorylation wfthout 
effect on Akt phosphorylation. B, effect of UO on 
A0-{1 -40) In cultures treated with COCu 2 \ APP- 
CHO cells were treated with Wjm CO/Cu 2 " 1 " with 
or without the JNK inhibitor 5P6001 25 (5, 25. or 50 
tm) and/or UO (5 mu) for 6 h. CQCv 2 * induced 
JNK phosphorylation, and this was inhibited by 
co-treatment with SP6001 25. The loss of A0-O- 
40) Induced by COCu 2 *" was also Inhibited by 
SP600125. Co-treatment with 5 mu UO substan- 
tially increased JNK activation even In the pres- 
ence of the JNK Inhibitor 5P6001 25. Co-treatment 
with liO also restored the loss of A0-O-4O) 
induced by COOr 2 ", overcoming the inhibitory 
action of SP600125 f,p < 0.001 compared with 
control cultures, **,p < 0.001 compared with cul- 
tures treated with CO/Cu 2 " 1 " and SP600125). LiG 
alone had no significant effect on A/HI -40) levels 
(not shown). C effect of G5K Inhibitor IX on GSK3. 
JNK, and AB levels in APP-CHO cells. Cultures were 
treated with 1 0 jjm COCu 2 * for 6 h with or with- 
out 10 or 25 tm GSK Inhibitor IX. GSK Inhibitor IX 
increased GSK3 and JNK phosphorylation induced 
by COCu 2+ . GSK Inhibitor IX also potentiated the 
loss of Aj3-{1 -40) (A67-40) induced by COCu 2 * 
(*, p < 0JJ01 ). For all graphs, error bars represent 
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and Akt activities (Fig. SA). LiCl potentiated JNK phosphorylation in 
cultures treated with CQ-Cu 2r (Fig. SB). This potentiation was suffi- 
cient to overcome the inhibitory action of 25 or 50 um SP600125 on JNK 
phosphorylation (Fig. SB). Interestingly, potentiation of JNK phospho- 
rylation by LiCl also overcame the ability of SP600125 to prevent A£ loss 
in the medium (Fig. SB). To confirm the potentiating effect of GSK3 
phosphorylation on JNK activation, we treated cultures with 1 jam CQ 
and 10 /xm Cu 2+ in the presence of GSK Inhibitor IX (10 or 25 jxm). This 
increased phosphorylation of GSK3 and JNK compared with CQ-Cu 2+ 
alone (Fig. 5Q. The increased GSK3 and JNK phosphorylation corre- 
lated with a down- regulation of A/3 levels in the culture medium (Fig. 
5Q. These results provide strong evidence that increased phosphoryl- 
ation of GSK3 in CQ-Cu 2+ -treated cultures promotes activation of JNK 
and leads to loss of secreted A/3. 

CQ-Cu 2 "*" Induces Metatloprotease-dependent Loss of Afi— Exposure 
of APP-CHO ceils to CQ-Cu 2 "*" for 6 h resulted in morphological 
changes consistent with altered cell adhesion (detachment of cells), 
but without an obvious role for cytotoxicity or oxidative stress (Fig. 
3f). To examine this, we measured adhesion of cells to a collagen 
type IV matrix after treatment with 10 /xm CQ and Cu 2 ". As shown 
in Fig. 6A, CQ-Cu 2+ inhibited APP-CHO cell adhesion to collagen 
type IV by —50%. The loss of adhesion could be prevented by treat- 
ment with SP600125 or LY-294,002 (Fig, 6A). As loss of cell adhesion 
is commonly associated with activation of metalloproteases (19), we 
treated cells with broad-spectrum metalloprotease inhibitors. GM 
6001 (10 /am), BPS (500 jim), and MMP Inhibitor I (20 /xm) signifi- 
cantly inhibited CQ-Cu 2 ""- mediated loss of cell adhesion to collagen 
type IV (Fig. 6A). 

To determine whether metalloproteases mediate A0 loss, APP- 
CHO cells were treated with a range of metalloprotease inhibitors, 
and A/3 levels were measured after exposure to CQ-Cu 2 *". All metal- 
loprotease inhibitors tested except thiorphan (neprilysin inhibitor) 



significantly inhibited the decrease in secreted A/3 levels induced by 
CQ-Cu 2+ (Fig. 63). To confirm that the loss of secreted A/3 was 
mediated through increased metalloprotease- mediated degradation 
rather than altered APP processing, vector only-transfected CHO 
cell cultures were exposed to 10 ng/ml synthetic human A/3-(l-40) 
for 6 h with or without CQ-Cu 2+ . Measurement of A/3-(l- 40) levels 
in the conditioned medium revealed 0.89 ±0.11 ng/ml remaining in 
the control medium after 6 h, indicating substantial clearance by cell 
uptake and/or degradation (Fig. 6C). Exposure of cultures to 10 /xm 
CQ or 10 jxM Cu 2 " 1 " increased the levels of synthetic A0-(1-4O) 
remaining in the medium after 6 h (Fig. 6Q. However, treatment of 
cultures with CQ'Cu 2 * significantly decreased A/3- (1-40) levels by 
56% compared with controls and by 7796 compared with CQ alone 
(Fig. 6Q. Interestingly, this effect was prevented by co-treatment of 
cultures with LY-294,002 (25 lim) or inhibitors of metalloproteases 
(Fig. 6Q. The results clearly support a role for PI3K-mediated met- 
alloprotease degradation of A/3 as the primary cause of A/3 loss in 
cultures treated with CQ-Cu 2 *. 

CQCu 7 * Induces tip-regulation of MMP-2 and MMP-3 through 
Activation of the PBKandJNKPathways— The efficacy of GM 6001 and 
MMP Inhibitor I against loss of A/3 and cefl adhesion strongly supported 
a role for up-regulation of MMPs in CQ-Cu 2+ -treated cultures. There- 
fore, we measured the activity of MMPs in cells treated with CQ-Cu 2+ 
using MMP-specific fluorescent substrates. MMP assays of ceil lysates 
or the conditioned medium after treatment with CQ-Cu 2+ for 6 h 
revealed a significant elevation of the specific activities of MMP-2 and 
MMP-3 (Fig. 7A). No significant changes were observed in the activities 
of MMP- 1, MMP-8, and MMP-9. Western blot analysis of cell lysates 
with antisera to MMP-2 and MMP-9 confirmed the results from the 
fluorescent substrate assay. Both latent and activated forms of MMP-2 
were up-regulated in cultures exposed to CQ^Cu 2 " 1 ", whereas MMP-9 
revealed only a minimum change (Fig. 7A, inset). 
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FIGURE 6. A ce8 adhesion to a collagen type IV 
matrix. APP-CHO cells were exposed to CQ (10 
fw), Cu 2 * (10 tm), or COCu 2 * with or without 
inhibitors, and adhesion to collagen type IV was 
determined by uptake of calcein acetoxymethyl 
ester by attached cells. Cells treated with C(Ku 2+ 
revealed significantly lower adhesion to collagen 
type IV [* p < 0.0001). The toss of adhesion was 
significantly inhibited (** p < Oj001-Oj0001) by 
co-treatment with LY-294002 (25 futf, SP6O0125 
(25 GM 6001 (1 0 /im), BPS (500 pit), or MMP 
Inhibitor I (20 /*m), but not by SB 203580 (25 fu& 
RFU. relative fluorescence units. 8, A0 loss is inhib- 
ited by metalloprotease Inhibitors. APP-CHO cells 
were treated with 10 m COCu 2 * for 6 h with or 
without 10 /im GM 6001, 10 jim batitractn, 10 p4 
bestatin, 500 /im BPS, 20 jjw MMP Inhibitor 1, 50 /am 
phosphorarntdon, 25 /im thlorphan, or 1 x serine/ 
cysteine protease inhibitor mixture. A/3-0-40) 
levels were measured In the culture medium by 
EUSA COCtr 5 * 1 " Induced a significant loss of 
A0-O-4O) (*, P < 0.0001). Co^ncubatlon with 
metalloprotease inhibitors slgnificantfy inhibited 
the loss of A0-O-4O) induced byCQ-Cu 2 * (**,p < 
0X01 compared with CQ-Cu 2 * alone). C, effect of 
CQ-Cu 2 "'' on the loss of synthetic A0-(i -40). Vec- 
tor onry-transfected CHO cells were exposed to 
CQ (1 0 /im), Oi 2 - ( 1 0 /im), or CQCu a * for 6 h with 
or without LY-294,002 (25 ^m}, GM 6001 (1 0 /im), 
MMP Inhibitor I (20 /xm), BPS (500 /im), or 1 x ser- 
ine/cysteine protease inhibitor mixture. Cultures 
were co-incubated with 10 ng/ml synthetic 
human A0-(1-4O) for 6 h, and the medium was 
assessed for remaining A/3-0 -40) by EUSA. Treat- 
ment of cultures with CQ or Cu 2+ alone resulted In 
significantly increased levels of A£-(1- 40) remain- 
ing in the conditioned medium after 6 h (\ p < 
0.0001; p < 0.01). Treatment with CQCu a+ 
resulted in significantly decreased A0-O-4O) lev- 
els compared with controls. The toss of A/Hl -40) 
could be inhibited by addition of LY-294,002 or 
metalloprotease Inhibitors (***,p < 0X01-0.0001 
compared wtth CQ and Cu 2 * alone). For all 
graphs, error bars represent S£. 
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To further confirm activation of MMP-2 and MMP- 3 by CQ-Cu 2 
cultures were treated with selective MMP inhibitors. Incubation of cul- 
tures with MMP-2 Inhibitor I prevented activation of MMP-2 by 
CQ-Cu 2 + , but had no significant effect on MMP-3 activity (Fig. IB). 
Likewise, MMP-3 Inhibitor I blocked activation of MMP-3, but did not 
aflect MMP-2 activation by CQ-Cu 2 h (Hg. 7B). An MMP-9 inhibitor 
had no effect on either MMP-2 or MMP-3 activation by CQ'Cu 2 * (Fig. 
IB). Moreover, we observed that LY-294,002 and SP600125 blocked 
activation of MMP-2 and MMP-3 (Fig. IB). 

Interestingly, the inhibitors of MMP-2 and MMP-3 significantly 
abrogated the loss of A0-(i-4O) caused by CQ-Cu 2+ (Fig. 7Q. These 
effects were consistent with a previous report that both MMP-2 and 
MMP-3 can cleave A£ at several sites (10). In fact, surface-enhanced 
laser desorption ionization analysis of medium from our control cul- 
tures revealed Aj3 cleavage products consistent with MMP-2-mediated 
degradation. 5 Unfortunately, few A/J fragments of any size were 
observed in CQ 4 Cu 2+ - treated cultures. This suggested that further deg- 
radation of the Aj3 cleavage fragments may be occurring in these cul- 
tures, possibly through activation of aminopepridases. This was sup- 
ported by inhibition of A/3 loss by co-treatment with bestatin 
(aminopeptidase inhibitor) (Fig. 6B). 

Finally, we examined alternative cell types for their ability to 
degrade Aj3 when exposed to CQ-Cu 2 + . Treatment of APP-overex- 
pressing N2a murine neuroblastoma cells with 10 /iM CQ and 10 /im 
Cu 2 v for 6 h reduced Aj3 levels from -1.1 to 0.4 ng/ml (p < 0.001), 



whereas CQ or Cu 2 " 1 " alone had no significant effect (Fig. 8A). In 
addition, non-transfected N2a, SH-SY5Y human neuroblastoma, 
and HeLa human epithelial cells were treated with 10 /jlM CQ and 
Cu 2+ together with 10 ng/ml synthetic human A0-(1- 40). Measure- 
ment of A/3 levels in the conditioned medium after 6 h revealed 
significantly reduced synthetic A/3-U- 40) levels in all cell types after 
treatment with CQ-Cu 2 + , and this could be prevented by co- treat- 
ment with GM 6001 (Fig. SB). These results demonstrate that 
CQ*Cu 2+ can modulate secreted Aj3 levels via metaUoproteases in 
different cell types, including neuroblastoma cells. 

DISCUSSION 

In this study, we have shown for the first time that the lipid-soluble 
metal ligand CQ modulates secreted A]3 levels in vitro. Whereas treat- 
ment of APP-expressing cells with CQ alone had little effect on A/3 
levels in the culture medium, treatment with CQ compiexed to Cu 2 * 1 " or 
Zn 2+ dramatically decreased extracellular Aj3 levels. We have shown 
that this effect is closely related to the ability of CQ to mediate substan- 
tial increases in cellular Cu 2+ or Zn 2+ levels, resulting in selective up- 
regulation of MMP activity. 

Interestingly, we found that even low concentrations of CQ or 
Cu 2+ (0.1-1 /xM each) could induce a significant loss of A0 after only 
6 h. The potency with which CQ*Cu 2+ inhibited A/3 underscores the 
potential physiological relevance of our findings. A recent study 
reported human plasma levels of CQ at —13-25 jim during small 
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FIGURE 7. A MMP activity induced by CQ-Cu 2 ^. 
APP-CHO ceils were treated with 10 /im CQCu 2 * 
for 6 h, and MMP activity was assayed in ceil 
iysates and the conditioned (Cond.) medium. 
MMP-1 and MMP-8 activities were not signifi- 
cantly altered In cells exposed toCO-Cu 2 *. MMP-2 
and MMP-3 activities were significantly elevated 
byCQ-Cu 3 * (*,p<a001;-*,p<0.05). No signifi- 
cant effects were observed using a broad-spec- 
trum MMP substrate or a substrate recognized by 
both MMP-2 and MMP-9. /met Western blot anal- 
ysis of cell Iysates using antisera to MMP-2 and 
MMP-9. Western blotting confirmed that latent 
(upper band} and active (Jower band} forms of 
MMP-2 were up-regulated in cultures treated with 
CQ<u 2 * compared with controls. No change in 
latent MMP-9 (upper, band) was observed in 
CQ-Cu a+ -treated cultures, although a slight 
increase in active MMP-9 [lower band) was seen. B, 
effect of inhibitors on MMP activity Induced by 
COCu 2+ . APP-CHO cells were exposed to 
CCKu i+ (10 pm) for 6 h with or without MMP-2 
inhibitor I (25 jam), MMP-9 inhibitor I (25 m*0» 
LY-294,002 {25 fun), SB 203580 (25 put), GM 6001 
(1 0 mm), MMP-3 inhibitor I (200 jam), or 1 X serine/ 
cysteine protease Inhibitor mixture. CQ-Cu a " sig- 
nificantly activated both MMP-2 and MMP-3. 
MMP-2 activity induced by CQ<u 2+ was signifi- 
cantly inhibited by co-treatment with MMP-2 
Inhibitor I, GM 6001 , or LY-294,002, MMP-3 activity 
was significantly inhibited by MMP-3 inhibitor L 
GM 6001. or LY-294,002 p < 0.001-0.0001). C 
effect of MMP inhibitors on the loss of A£-{1-40) 
In COCu 2 ""-treated cultures. APP-CHO cells were 
exposed to 1 0 /m CQ-Cu 2 * for 6 h with or without 
MMP-2 inhibitor I (10 and 25 pw), MMP-3 inhibitor 
I (used at 100 and 200 pM, as this is a large, pep- 
tide-based Inhibitor, not a small, lipid-soluble 
molecule), MMP-2 and MMP-3 inhibitors (25 and 
200 p*A), or MMP-9 Inhibitor I (25 and 50 px), and 
AJ3-0-40) levels were measured in the culture 
medium by EUSA. MMP-2 Inhibitor I and MMP-3 
inhibitor I but not MMP-9 inhibitor I prevented the 
loss of A/3-0-40) Induced by CQ-Cu i+ (* p < 
0.000 1 ). For all graphs, error ban represent S.E. 
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FIGURE 8. A, effect of CQCu 2 * on A0 levels In APP- 
overex pressing N2a neuroblastoma cells. APP- 
N2a cells were treated with CQ or Cu 2 * (10 pM 
each) or COCu 2+ for 6 h. A0-O-4O) levels were 
determined in the conditioned medium by EUSA. 
Treatment with COCu 2 * significantly reduced 
A/Ml -40) levels In APP-N2a cells (* p < aOOl ). B, 
loss of synthetic A/HI -40) In different cell lines 
after treatment with CQCu 2 *. N2a, SH-SY5Y, or 
HeLa ceils were exposed to 1 0p* CQCu 2 * for6 h 
with 10 ng/m! synthetic A0-O-4O). Treatment 
with COCu 2 * significantly decreased synthetic 
AfHl -AO) levels in the conditioned medium of all 
cell types tested. Addition of the broad-spectrum 
MMP Inhibitor GM 6001 (10 pu) significantly 
reduced the loss of A/3K1 -40) f . p < 0.001; **,p < 
0.01 ). For all graphs, error bars represent S£. 



— -V 
CO 

ro 

8 



phase clinical trials (8). CQ levels in the brain may reach 20% of 
serum levels, which equates to 2.6-5 /jlm (20). These concentrations 
were well within the range of CQ levels found to inhibit A/J in our 
cultures if sufficient Cu* + or Zn 2+ was available. Cu 2+ levels can 



range from 1.7 pM in the extracellular space of the brain to 250 /xm in 
the synaptic cleft, whereas Zn 2J * is also highly abundant in the brain, 
with synaptic levels reaching 300 /tw (21). Further investigation is 
required to determine whether CQ can transport other metals (ie. 
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nickel or cobalt) into cells and, if so, whether similar effects on APP 
metabolism are induced. 

Although CQ is neurotoxic in vitro at low concentrations (22), cell 
lines are relatively more resistant to CQ than are primary neurons, and 
we found no evidence of increased cell death after 6 h of exposure to CQ 
and metals. Moreover, AD patients treated with 250 or 750 mg of 
CQ/day have not revealed complications that would indicate severe 
neurotoxicity (8). Similarly, mice treated with intraperitoneal injections 
of 28 mg/kg CQ also failed to show evidence of cytotoxicity (23). These 
findings suggest that the actions and toxicity of CQ in vivo are likely to 
be complex and dependent on the availability of "free" metals, antioxi- 
dants levels, and cellular resistance. 

The mechanism of action by CQ*Cu 2+ is via activation of the PI3K- 
Akt pathway and subsequent phosphorylation of JNK and ERKl/2. 
Although it is common to view P13K-Akt and JNK/p38 as opposing 
pathways leading to cell survival and apoptosis, respectively (24), JNK 
activation can also be potentiated through P13K activation (25, 26), as 
we have demonstrated here. Activation of both PI3K- Akt and JNK path- 
ways Has been reported in AD brain tissue, although the downstream 
consequences of this activity are not clear (27. 28). 

PI3K is normally activated in response to cell stresses or growth fac- 
tors, and metals can activate P13K in some cell culture models (29). 
Particularly intriguing was our rinding that activation of Akt and JNK by 
treatment with high Cu 2 "* levels alone (without CQ) or cisplatin had no 
effect on secreted Aj3 levels, demonstrating that, although up-regula- 
tion of these pathways is required, by themselves, they are not able to 
decrease secreted A/3 levels. It is possible that, after exposure to CQ and 
metals, elevation of Cu 2 " 1 " (or Zn 2 *) levels in certain subcellular com- 
partments results in specific modulation of multiple metal-dependent 
pathways, including PI3K activation (Fig. 9). This is consistent with 
reports that Zn 2+ can activate gene expression by a PI3K- and JNK-de- 
pendent process (30). Alternatively, elevated metal levels could promote 
release of growth factors or other ligands that in turn, activate P13K, 
MAPK, and additional pathways. Interestingly, stimulation of MAPK 
pathways by metal- mediated growth factor release has been reported in 
lung epithelial cells (16, 31). 

A common downstream signaling pathway controlled by PI3K acti- 
vation involves phosphorylation of Akt and subsequent inhibition of 
GSK3 through phosphorylation (32). Treatment of cultures with 
LY-294,002 blocked phosphorylation of both Akt and GSK3a//3 by 
CQ-Cu 2 *. Inhibition (phosphorylation) of GSK3 can result in abroga- 
tion of A/3 production in APP-transfected cells (18), consistent with our 
findings. However, we found that phosphorylation of GSK3a//3 corre- 
lated closely with increased JNK phosphorylation. Using inhibitors of 
GSK3 (LiCl and GSK Inhibitor IX), we demonstrated that increased 
phosphorylation of GSK3 potentiated JNK activation and subsequent 
A/3 loss. The mechanism behind this is not clear. As phosphorylation 
of GSK3 leads to its inactivation, the data suggest that activated 
GSK3 may inhibit or reduce JNK activation by certain stimuli. Sim- 
ilar effects have been reported previously, where a loss of GSK3 
activity potentiated JNK activation by growth factors but not by cell 
stress (17, 33). This is consistent with our data suggesting that 
MAPK pathways are activated by CQ-Cu 2 + via non-oxidative mech- 
anisms. Down-regulation of GSK3 activity by CQ*Cu 2+ could also 
affect tau phosphorylation, and this should be investigated in appro- 
priate neuronal cell models. 

Activation of cell signaling pathways by CQ-Cu 2+ culminated in up- 
regulation of MMP activity and degradation of extracellular Aj3. Fig. 9 
shows that the order of events are activation of PI3K-Akt, followed by 
phosphorylation of GSK3 as well as JNK and ERK. Inhibition of these 
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FIGURE 9. Schematic of a proposed mechanism showing how CQ-Cu 5 ^ mediates 
reduction of A0 levels in APP-CHO cell cultures. Solid arrows represent established 
pathways. Dashed arrows represent proposed pathways. CQ-Cu 2 * complexes enter the 
cell by an unknown process. Cu 2 * induces PBK and additional cofactors (?) required for 
JNK activation. PI3K also activates Akt via phosphorylation, which, in turn, mediates 
phosphorylation of GSK3. PI3K activates MEK1/2 (not shown), resulting In phosphoryla- 
tion of ERK1/2. Upon phosphorylation, GSK3 potentiates activation of JNK, which either 
alone or in concert with GSK3 or other signal factors, up-regulates the activities of MMP-2 
and MMP-3. This induces an increase in degradation of extracellular or membrane-asso- 
ciated A/3 by these metanoproteases. Sites of inhibitor action are also shown. 

kinases (.Met, JNK, and ERK) blocked activation of MMPs, so they are 
upstream of MMP activation. Moreover, inhibitors of the kinases and 
MMPs blocked the loss of A/3, demonstrating that A/3 loss is down- 
stream of these events. MMP activation is often associated with patho- 
logical changes to the cellular microenvironment in the brain, including 
tumor cell tissue invasion and migration and breakdown of blood- brain 
barrier permeability during cerebral ischemia. However, MMP activa- 
tion can also have beneficial functions in the brain, including angiogen- 
esis following ischemia and during axon guidance. 

Up-regulation of MMP-2 and MMP-3 by Cu 2+ or Zn 2+ has been 
reported previously (16, 34), although excess Zn 2+ can also inhibit 
MMP activity (35). In this study, we found that either Cu 2 **" or Zn 2+ 
complexed to CQ induced activation of JNK, ERK, and p38 and loss of 
secreted A/3. However, we investigated only CQ-Cu 2+ complexes in 
detail, and it remains to be determined whether CQ*Zn 2+ complexes 
mediate activation of the same MMPs. 

Importantly, MMP-2 and MMP-3 levels can be increased through stim- 
ulation of the P13K-Akt and MAPK (JNK and ERK) pathways (36, 37), 
which is consistent with our findings in CQ-Cu 2+ -treated cells. Nonspecific 
Akt and JNK phosphorylation was unable to induce the decrease in secreted 
A/3 levels, indicating that CQ-delivered Cu 2 "" has a more complex effect on 
cell signaling pathways, resulting in up-regulation of MMPs. For example, 
there are a number of soluble inducers of MMP-2 and MMP-3, including 
transforming growth factor-/3 and epidermal growth factor, that could be 
released upon exposure to CQ and metals. 

Aj3 can be degraded in vitro and in vivo by several proteases, including 
metalloproteases, neprflysin, insulin-degrading enzyme, and MMPs (4, 6. 
38). These metalloproteases mayhave important roles in clearance of A/3 in 
the brain, whereas reduced activity in AD patients could promote amyloid 
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deposition. As thiorphan (neprilysin inhibitor) had no effect on A0 levels in 
CQCu 2+ -treated cultures, increased neprilysin activity is unlikely to be 
involved in A)3 loss. Although the inhibition of Ap loss by bacitracin is 
consistent with insulin-degrading enzyme activity toward A/3, immunoblot 
analysis of the culture medium revealed no increase in insulin-degrading 
enzyme levels after CQCu 2+ treatment (data not shown). 

It has been shown previously that A0-(1-4O) and A/3-(l-42) can be 
degraded by MMP-2 (Lys 16 i Leu 17 , Leu 3 * 1 Met 35 , and Met 35 I Yal 3 *) 
and MMP-3 (Glu 3 j Phe 4 ) (4, 39). MMP-6 is also known to degrade A/3 
at Lys 16 1 Leu 17 , Ala 30 i He 31 , Leu 34 1 Met 35 and Gly 37 1 Gly 38 (4, 39). 
Our study supports the M MP- mediated degradation of Aft as both 
MMP-2 and MMP-3 were up-regulated in response to CQ*Cu 2+ treat- 
ment, and inhibition of these metalloproteases prevented the loss of 
secreted A/3. Whether other MMPs (40) and proteases {Le. aminopep- 
tidases) are also involved in the loss of A0 induced by CQ-Cu 2+ is not 
known. Further investigation will be necessary to fully characterize the 
Aj3 cleavage products in CQ-Cu 2 "*" -treated cultures and to identify 
whether MMP-2- and MMP-3-mediated cleavage is a rate-limiting step 
in the rapid clearance of secreted A/3. 

Whether CQ enhances degradation of A/3 in vivo is not known. MMP 
expression and distribution are altered in AD brains, and up-reguhtion 
of MMP activity occurs in response to A£ exposure in vitro (41). 
Although this may result from inflammatory processes, it could also be 
an attempt to increase A0 degradation. Several recent studies have 
shown that increases in central nervous system Cu 2+ levels result in 
lower Aj3 levels and reduced plaque deposition (42, 43). Moreover, 
Cherny etal (10) demonstrated that APP transgenic mice treated with 
CQ have elevated central nervous system Cu 2 * and Zn 2 + levels together 
with reduced A0 deposition. These reports are consistent with our find- 
ings here that elevated Cu 2 ~ or Zn 2 ^ levels can reduce Aj3 levels by 
increasing A/3 degradation. Interestingly, small phase clinical trials of 
CQ demonstrated lower plasma A0-(l-42) levels with elevated plasma 
Zn 2 * levels in treated patients (8). This could reflect increased periph- 
eral degradation of A/3 through elevated Zn 2 ^ levels. If so, this would 
raise the possibility of targeting peripheral A/3 with metal ligands as a 
means of reducing the total A/3 load. 

In summary, our studies indicate a potentially important therapeutic 
role for induction of MMP activation by metal ligands and subsequent 
A/3 degradation. If CQ also mediates clearance of Aj3 in vivo through 
activation of A/3-degrading MMPs, these findings will have important 
implications for the future direction of AD therapeutics based on mod- 
ulation of metal bioavailability. 
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